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Abstract
In this study, we designed, synthesized, and characterized ultrahigh purity single-walled carbon
nanotube (SWCNT)-alginate hydrogel composites. Among the parameters of importance in the
formation of an alginate-based hydrogel composite with single-walled carbon nanotubes, are their
varying degrees of purity, their particulate agglomeration and their dose-dependent correlation to
cell viability, all of which have an impact on the resultant composite’s efficiency and effectiveness
towards biomedical applications. To promote their homogenous dispersion by preventing
agglomeration of the SWCNT, at first, we used three different surfactants-sodium dodecyl sulfate
(SDS-anionic), cetyltrimethylammonium bromide (CTAB-cationic), and Pluronic F108
(nonionic).

After

experimentation and

corroboration

through

evidence obtained

by

characterization methods such as Dynamic Light Scattering, Rheology, Raman Spectroscopy,
Conductivity, UV-Vis, Tensile testing and Swelling/Degradation studies with Dimensional
Statistical Analysis, among others, it was determined that PF108 SWCNTs were the most stable
for biomedical applications such as tissue engineering and biosensors.

vi

Table of Contents
Acknowledgements .................................................................................................................... v
Abstract ..................................................................................................................................... vi
Table of Contents ..................................................................................................................... vii
List of Tables............................................................................................................................ xii
List of Figures ......................................................................................................................... xiii
Chapter 1: Introduction ............................................................................................................... 1
1.1. Introduction ........................................................................................................ 1
1.2. Hypothesis and Aims ......................................................................................... 5
Chapter 2: Problem .................................................................................................................... 8
2.1. Biomaterial Economics ...................................................................................... 8
2.2. Background of the Problem - An Incidental and Financial Insight ...................... 9
2.3. Cardio-pathological progression of diseases ..................................................... 12
2.4. The current state of CVD treatments ................................................................ 14
2.5. Stem cells : Pros and Cons ............................................................................... 16
2.6. Engineering Approach ..................................................................................... 18
2.7. Theoretical framework and consideration by theme ......................................... 19
2.7.1. The matrix material of scaffolding components ..................................... 19

vii

2.7.2. Crosslinking agent considerations ........................................................ 20
2.7.3. Carbon Nanotubes as a reinforcing phase ............................................. 23
2.7.3.1. Physicochemical properties ....................................................... 23
2.7.3.2. Toxicity considerations .............................................................. 24
2.7.3.3. Solving the agglomeration problem ........................................... 25
2.8. Conclusions ..................................................................................................... 30
Chapter 3: Research Design ...................................................................................................... 31
3.1. Materials ......................................................................................................... 31
3.1.1. Fabrication of Alginate-SWCNT composite .......................................... 31
3.1.1.1. Dually crosslinked modification for 3D printing applications..... 32
3.1.1.2. 3D Printing ................................................................................ 32
3.1.2. Dispersion of SWCNTs ........................................................................ 33
3.2. Methods ........................................................................................................... 34
3.2.1. Characterization of Fabrication of Surfactant-Dispersed HiPCO Single
Walled Carbon Nanotube-Baes Alginate Hydrogel Composites as Cellular
Products.......................................................................................................... 34
3.2.1.1. Raman Spectroscopy ................................................................. 34
3.2.1.2. Near-Infrared (NIR) fluorescence Spectroscopy Alginate-SWCNT
composite ...................................................................................... 35

viii

3.2.1.3. Rheological characterization Fabrication of Alginate-SWCNT
composite............................................................................................... 35
3.2.1.4. Electrical characterization.......................................................... 36
3.2.1.5. Scanning Electron Microscopy of SWCNT Alginate composites
. ............................................................................................................. 37
3.2.1.6. Swelling and Degradation ......................................................... 38
3.2.1.7. Cell Culture and Live/Dead Assay Fabrication of Alginate-SWCNT
composite............................................................................................... 38
3.2.1.8. Statistical Analysis Fabrication of Alginate-SWCNT composite
. ............................................................................................................. 39
3.2.2. Characterization of Longitudinal Stability Studies ................................ 39
3.2.2.1. UV-Vis Spectroscopy Dispersion of SWCNTs ......................... 39
3.2.2.2.

Longitudinal

degradation

of

PF108-SWCNT

Composite

Fabrication of Alginate-SWCNT composite ........................................... 40
3.2.2.3. Tensile Strength ........................................................................ 41
3.2.2.4. Dynamic Mechanical Analysis ................................................. 41
3.2.2.5. Statistical Analysis ................................................................... 43
Chapter 4: Fabrication of Surfactant-Dispersed HiPCO Single-Walled Carbon Nanotube-Based
Alginate Hydrogel Composites as Cellular Products ................................................................. 44
4.1. Introduction ..................................................................................................... 44

ix

4.2. Characterization Results ................................................................................... 46
4.2.1. Raman Spectroscopy ............................................................................. 46
4.2.2. Near-Infrared (NIR) fluorescence Spectroscopy .................................... 49
4.2.3. Rheological characterization Fabrication of Alginate-SWCNT composite
....................................................................................................................... 50
4.2.4. Electrical characterization ..................................................................... 50
4.2.5. Scanning Electron Microscopy ............................................................. 52
4.2.6. Swelling and Degradation .................................................................... 53
4.2.7. Cell Culture and Live/Dead Assay ....................................................... 54
4.3. Conclusions ..................................................................................................... 55
Chapter 5: Longitudinal Stability Studies ................................................................................. 58
5.1. Introduction ..................................................................................................... 58
5.2. Characterization ............................................................................................... 58
5.2.1. UV-Vis Spectroscopy ............................................................................. 57
5.2.2. Longitudinal Degradation of PF108-SWCNT Composite ......................... 61
5.2.3. Dynamic Mechanical Analysis ................................................................. 63
5.2.2. Tensile Strength ...................................................................................... 66
Chapter 6: Summary of Findings, Discussion, Conclusion and Future Works .......................... 68
6.1. Introduction ..................................................................................................... 68
x

6.2. Discussion ....................................................................................................... 69
6.2.1. Discussion of Cationic, Anionic and Non-Ionic Surfactant-Dispersed
HiPCO SWCNT Alginate Composites as Cellular Products study...................... 69
6.2.1.1. Conclusions to Cationic, Anionic and Non-Ionic SurfactantDispersed Composites study................................................................... 73
6.2.2. Discussion of Longitudinal Stability Studies ............................................ 75
6.3. Conclusions to the Dissertation ......................................................................... 78
6.4. Suggestions for Future Works .......................................................................... 78
Bibliography ............................................................................................................................. 80
Permissions ............................................................................................................................ 104
Supplementary Data and Appendix ........................................................................................ 105
Curriculum Vita ..................................................................................................................... 113

xi

List of Tables
Table 2.1. The comparative chart between Adult stem cells, Embryonic stem cells and Induced
pluripotent stem cells ......................................................................................................................... 16
Table 2.2. Shows a comparative image between a micelle and the electrical double layer
formed as a consequence.................................................................................................................... 28
Table 4.1. The mass percent conversion of different surfactants indicating the final
comcentration of suspended nanoparticles in a solution.................................................................. 45

xii

List of Figures
Figure 1.1. Animal tendons and ligaments used as threads.............................................................3
Figure 1.2. Three-Dimensional Structure of vascular graft, and the final product post 3D
printing…….....................................................................................................................................4
Figure 1.3. Different manufacturing methods of prosthetic limbs. (A) Monolithic/metal cast and
(B) 3D Printed…..............................................................................................................................5
Figure

2.1:

CVD

incidence/prevalence

projections

from

2015

to

2035…............................................................................................................................................10
Figure 2.2.A-B: CVD-related expenditure projections from 2015 to 2035 (A) Direct and (B)
Indirect …......................................................................................................................................11
Figure 2.3. Schematic of a heart with two possible occlusion sites, and their respective radius of
damage. Damage done by (A) occlusion of a Left Anterior Descending (LAD) Coronary artery.
(B) occlusion nearest to the Circumflex artery region.....................................................................13
Figure 2.4. Figures A-D Systolic pressure. Figures E-H Diastolic pressure. An increase in diastolic
pressure can be seen bilaterally with Dilated Cardiomyopathy.......................................................14
Figure 2.5. Sodium Alginate (Alginic Acid Sodium Salt) before (A) and after (B) Egg-Box
crosslinking through positively charged ionic exchange with divalent ions...................................19
Figure 2.6. (a) The sonication, (b) Partial segregation/adsorption of surfactants, (c) Incorporation
of additional surfactants as dispersion increases, & (d) Resulting segregation of
SWCNTs…....................................................................................................................................26
Figure 2.7. (A) Electrical Double Layer formed by opposite charge particles bound to the particle
surface (Stern Layer), which extends onto the hydrodynamic plane (slipping plane). Particles

xiii

farther

from

EDL

thickness

(1/k)

will

not

be

electrostatically

bonded

to

the

micelle……....................................................................................................................................29
Figure 3.1.A-B. (A) Polydispersity Indices of CTAB, Pluronic F108, and SDS, and (B) Zeta
potential (ζ) of CTAB, Pluronic F108 and SDS……......................................................................33
Figure 3.2. Storage Modulus (E’) vs. Loss Modulus (E”). The resulting line: Complex Modulus
(E*) …............................................................................................................................................36
Figure 3.3. Depicts the dimensional analysis of 3D printer alginate (n = 5), with evidence of
variance

along

the

transverse

axis,

however

not

statistically

significant…...................................................................................................................................42
Figure 4.1.A-C. Depicts the individual Raman spectra of (A) SWCNTs suspensions (SDS, CTAB,
PF108), (B) SWCNTs/hydrogel composite, (C) Alginate Hydrogel..............................................47
Figure 4.2. Near-infrared (NIR) photoluminescence spectra of different surfactant/SWCNT-based
hydrogels…....................................................................................................................................49
Figure 4.3.A-C. Rheology of composites. * indicates statistically significant difference (p < 0.05)
v. control. CTAB samples appeared to have significantly higher elastic moduli and complex
viscosity. All composite samples depicted an increase in Storage and Loss Moduli, in comparison
with controls (A) …........................................................................................................................51
Figure 4.4. Conductivity values of different surfactant/SWCNT-based hydrogels. * indicates
statistically significant difference (p < 0.05) for non-cross-linked (*1) and cross-linked samples
(*2) of PF108, in comparison with controls [116] ……………………………….……………...52
Figure 4.5.A-B Characteristic SEM images per sample and (B)Average pore size distribution of
different surfactant/SWCNT based hydrogels…...........................................................................54

xiv

Figure 4.6. Swelling analysis of different surfactant/SWCNT-based hydrogels. * indicates
statistically significant difference (p < 0.05) in comparison with controls [116] ………………...55
Figure 4.7 Representative live-dead assay stained images of cells cultured in SWCNT-PF108
composites (right) and pristine alginate gels (left) [116] …………………………………….…...56
Figure 5.1. UV-Vis spectra of PF108- HiPCO SWCNT alginate composites at 4 different
concentrations……........................................................................................................................60
Figure 5.2. Weight Loss % as a function of Time….....................................................................62
Figure

5.3.

Storage

and

Loss

Moduli

(E’,

E’’),

in

contrast

to

Tan

δ

changes…………………………...................................................................................................65
Figure 5.4. Complex modulus as a function of temperature. Linear model fits with an R2 =
0.96….............................................................................................................................................66
Figure

5.5.

Temporal

comparison

of

Stress

vs.

displacement

in

hydrogel

composites......................................................................................................................................67
Figure A1. Graphical Abstract depicting the mechanism of dispersion for HiPCO SWCNT
composites…................................................................................................................................105
Figure A2. Representative image of common micelle structures formed via surfactants
......................................................................................................................................................105
Figure A3. Photograph of 4 samples with respective surfactants. A clear indication of light contrast
is observed. …..............................................................................................................................106
Figure A4. C2C12 cells (A), CONTROL vs. Pulse activated cells at a 50 Hz, 20 mS, square pulse,
at an amplitude of 100 mV for t = 10 mins. Ethidium homodimer-1 was used to stain
cells…..........................................................................................................................................106

xv

Figure

A5.

Electrophysiological

characterization

of

cellular

products

for

future

studies…......................................................................................................................................106
Figure A.6. Calculated transmittance obtained from UV-Vis data...............................................107
Figure A.7. Mass percent change linear models. Red lines represent the extrapolated rate of change
for mass over time at physiological temperatures (37.5 C) through the two different proposed
formulas. …..................................................................................................................................108
Figure A.8. Swelling & Degradation of alginate samples (n = 5), immersed in 2 different media,
studied over 1-hr periods, for absorption/degradation rates...…..................................................108
Figure A9. STL file of DMA specimen utilized for testing…......................................................108
Figure A.10. Tensile specimen DWG, CAD & STL for creation of monolithic and/or 3D printed
tensile tests for future studies pertaining to change in mechanical properties of 3D printed
samples….....................................................................................................................................109
Figure A.11. Image of 3D printed molds used to cast monolithic samples for tensile
testing….......................................................................................................................................109
Figure A.12. Image of CNTs taken through an SEM at a 14.5 kV, used to assess the particle size
and effective retention…..............................................................................................................110
Figure A.13. Mean size distribution per surfactant. Data obtained through Dynamic Light
Scattering with the previously reported protocol….....................................................................110
Figure A.14. Mean size distribution per surfactant. Data obtained through image processing
software ImageJ, from the SEM image in A.12….......................................................................111
Figure A.15. Surface plot of data obtained through image processing software ImageJ, from the
SEM image in A.12. Grayscale variance and height of image along the Z-axis expresses

xvi

morphological data of CNT distribution. Peaks represent areas where CNTs are not
presents…....................................................................................................................................111
Figure A.16. UV-Led used as proof of concept for current conductance, using 2 CR2035 batteries
with

3

V

and

0.2

A.

Connected

a

variable

resistance

for

modulation

of

current…......................................................................................................................................112
Figure A.17. FEM of Halbach Array for Magnetic Field Induction.............................................112
Figure A.18. Alignment of CNTs through Magnetic Induction by a Halbach array......................113
Figure A.19. DIY Magnetic Induction Coil for proof of concept of CNT alignment....................113

xvii

Chapter 1: Introduction
1.1. Introduction
The word ‘Engineering’ dates its origin ca. 1250, derived from the Latin word ‘ingenium’, which
literally translates to "innate talent and curiosity" [1].
Furthermore, as time progressed, the usage of the word became more recurring, often used
in the context of “creative solutions” or “ingenuity”. For this reason, the term ‘Engineering’ has
been colloquially associated with the practical approach to apply knowledge for solving complex
problems through creative means.
Among the most interdisciplinary fields of modern engineering, Materials Science
occupies a highly important role. The aim of Materials Science and Engineering has always been
to improve the design and development of products for their optimal use in either the industry or
research, no matter the area in which its use is intended. This field’s basis or “dogma” has been
traditionally depicted by a tetrahedral structure presenting five fundamental paradigms at each of
its vertices. Each corner of this schema comprises a crucial component in the development and
determination of the efficacy of a material: Structure, Processing, Properties, Performance, and
Characterization at the centerpiece. MASE, accompanied by its interdisciplinary approach, takes
it upon itself to find ways to improve and achieve specific properties through the combination of
physical, chemical, biological and engineering principles, in addition to the materials paradigm,
which provides a rather helpful outline in achieving optimum results otherwise unattainable
without the scientific method.
Alternatively, among the ever-growing fields that present the biggest challenges to
materials engineering solutions, we find biomedical sciences and medicine, presenting a strict
demand in not only functional materials, but more biocompatible ones as well: Biomaterials.

1

The merging of these disciplines can be seemingly unrelated at first glance, however the
further we dive into the particularities of these sciences, lines begin to blur.
Since antiquity, biomaterials have allowed us to apply practical ingenuity into solving
biological problems, as well as opening a world of possibilities in which we started a race towards
achieving perfect mimicry of native components and behaviors of biological environments through
synthetic means.
Current advances have widened the applicability of these innovations into more clinical
settings. Among the most commonly observed clinical fields with a use for biomaterials, we can
find dentistry, cardiovascular, orthopedic, pharmaceutical, and plastic surgery, to name a few.
Presently, the most notable advantages brought by the merging of these disciplines in the
modern era, are the newfound abilities to develop predictive models ex vivo, as well as the
development of tissue engineering, due to the increasing fidelity and quality of engineering
methodology. However, this eventual level of progress was only achieved after centuries of
steadily investigating and applying the knowledge gathered since their first reported usage in
prehistoric times.
The first documented uses of biomaterials date back to the Neolithic era in Europe, where sutures
made from intestines were utilized [2]. This usage was also documented in Prehistoric and Ancient
Egypt, where animal sinew (Figure 1) was used instead [3]. In like fashion, although these
materials were not optimized through the comprehensive usage of the material’s paradigm, these
products often seem to prove effective in performing adequately when used in sutures. It is only
rational to infer that, even if properties at the time were modestly understood and there were no
feasible means to characterize and assess the structure for further exploration, curiosity led the
way for further technological advancement.

2

In the modern era, thanks to the increase in available resources, plenty more research has
been conducted to cover more ground and solve more complex problems. If we take into
consideration the example of sutures as stated before, the development of materials science and
further comprehension of material characteristics through the material’s paradigm, we are now
able to synthesize materials such as thermoplastic polymers Nylon 6 and Nylon 6,6, which have
been employed in the medical field for wound closing sutures [4] without any adverse
physiological reaction. This is an example of a multifaceted material with significant success in
many applications such as tires, fabrics, and automotive parts, to name a few, since its inception
in 1935.

.
Figure 1.1. Animal tendons and ligaments used as threads [5,6].

Similarly, other more complex problems are also within the scope of biomaterials science,
which are currently being approached through this schema. Said problems range from the
development of viable synthetic tissue to alternative ways of promoting healing in otherwise
difficult conditions, as well as the development of prosthetics and biosensors to facilitate treatment
and diagnosis [7].
In addition to the ever-growing research of developmental biomaterials, a transition from
commonly used manufacturing methods such as injection molding or CNC machining has been
observed, pointing towards the direction of more precise and accurate methods of production,
3

namely 3D printing/bioprinting. These relatively newer methods allow us to solve problems that
require finer structures with more intrinsic features that would otherwise be out of reach. One
example of this manufacturing method is the development of exogenously synthesized grafts, such
as the one reported by Itoh, Manabu, et al. (2015), in which a polymeric PTFE scaffold was 3D
Bioprinted to create vasculature [8]. This venous graft was utilized to study reperfusion in a rat
model, with reported success. Figure 1.2. Represents the reported data.
On the other hand, these alternative methods allow for a lesser expenditure of what often
is limited materials to work with, by allowing structures to reduce mass/volume significantly,
whilst maintaining structural integrity and similar mechanical properties to a monolithic structure.
Another benefit aside from the evident cost efficiency is the time-efficient production that is
relatively automated, allowing lesser supervision and greater output.

Figure 1.2. Three Dimensional Structure of vascular graft, and the final product post 3D printing
[8].

Figure 1.3. represents one of the various applications of biomedical materials, as well as
the different manufacturing methods. It is noteworthy to emphasize that, though structurally
different, the effort is made to achieve comparable properties from a monolithic structure
transitioning towards a 3D printed one. This concept is not only translated to this particular workframe of biomedical materials, rather being one of the many applications, with others oscillating
in the creation of viable biosynthetic scaffolds, or drug delivery-intended structure. In our research
4

interest, we have become more interested in finding a viable solution to heart conditions that have
proved hard to allow for a healthy recovery without the need for medical intervention otherwise.
We have taken it upon ourselves to enhance the mechanical properties of what otherwise would
likely be an unsatisfactory structural support for affected tissue post-episode to an incidental heart
condition.

Figure 1.3. Different manufacturing methods of prosthetic limbs. (A) Monolithic/metal cast and
(B) 3D Printed [9, 10].

1.2. Hypothesis and Aims
The conceptualization of this study was formulated through the discernment of the lessthan-ideal mechanical/electrical properties of commonly used alginate hydrogels. It is widely
reported that although significant biocompatibility is a feature presented by this biomaterial, its
pristine intrinsic mechanical behavior and electric conductance are major drawbacks when
intended as a cardiac/cellular product.
Furthermore, several attempts at directing alginate’s mechanical behavior towards an
enhanced series of properties have been made, with most results leading towards partial resolution
of the entire problem that must be addressed, in order to achieve a functional synthetic cardiac
5

scaffold. Among the most prominent secondary phases incorporated in biocomposites, we see
gold, silver, iron oxide, and cellulose with positive results, however not the ones necessary for this
study [11,12].
Among the most promising materials for incorporation, we have considered carbon
nanotubes (CNTs) due to their increasing relevance in the area of materials science due to their
versatility and its unique natural properties such as high thermal and electrical conductivity, high
tensile strength and elasticity and low coefficient of thermal expansion. On the other hand, these
properties may prove difficult to exploit due to the natural tendency for agglomeration these
nanomaterials present upon suspension in an aqueous media.
Thus, through the use of novel non-covalent surfactant functionalization, we expect to
achieve functional incorporation of these HiPCO Single-Walled Nanotubes (CNTs) as a secondary
reinforcing phase, in a dispersed fashion within an alginate matrix to compensate for these
properties. The central hypothesis of this study is that CNTs can produce viable scaffolding
material for cardiomyocytes, as well as biosensors, through the optimization and assessment of
physicochemical properties measured upon incorporation, consequently ensuring biocompatibility
through the avoidance of any physiological disturbance by retaining carbon nanotubes
functionality within the hydrogel parameter.
Our predictions lie on the notion that the incorporation of these CNTs as a reinforcing
phase will enhance the material to achieve the desired range of properties. Hence, the aims of this
study are considered as follows:
● Aim I: Development of functional SWCNT-Alginate composite through rigorous studies.
● Aim II: Characterize the SWCNT-Alginate composite to assess its functionality as a
cellular product
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● Aim III: Explore the applicability of this composite in alternative applications within the
spectra of biomedical engineering.
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Chapter 2: Problem
2.1. Biomaterials Economics
Among the major producers of implantable devices intended for patient monitoring, U.S.
firms are positioned higher than firms from any other nation [13]. Similarly, Mason, C., & Dunnill,
P. (2008) compare the regenerative medicine/cell-based therapy industry to the implantable device
one, stating that business models should resemble most to this industry, in comparison to the
pharmaceutical industry [14]. The argument behind this logic is that the pharmaceutical industry
mostly relies on its preventative nature and recurrent usage of pharmaceutical treatment for disease
management, whereas the more technological approach is often used when a chronic disease has
progressed significantly, and an alternative must be sought after.
A case is made for clinical research and product development, stating that a substantial
investment is required to start, however, companies such as Organogenesis, Inc. have proved to
become profitable shortly after. In his works, Kemp, P. (2006), notes that during his time as a
member of the Organogenesis research group, early skin products commonly used in trauma and
lesions provided a $30 billion turnover, sufficient to finance further clinical trials and development
of products [15].
In 2014, the World Regenerative Medicines Market released a report forecasting
regenerative medicine (RM) at $67.5 billion in market value by 2020, and in 2016 the Global
Biomaterials Market reported an expected market size of $139 billion by 2022 [16, 17].
On that note, according to the U.S. Census Bureau, population over the age of 60 are
projected to increase from 13% to 19% by 2030 [18] and expected to bring a consequential increase
in recurrence of chronic conditions in the categories of cardiovascular, oncological, pulmonary,
orthopedic and endocrinological disorders, due to said age group’s propensity. From a financial
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standpoint, said conditions are often addressed by RM, which leads to inferring a potentially
significant market size growth associated with the developing demographics [19].
Among the greatest challenges to overcome in the RM field, is also a difficulty to translate
to bedside treatment due to several regulatory factors such as FDA compliance and standardization
for mass production - this is often due to limited literature available on protocol establishment.
Regardless of such setbacks, financial progress in the field of bioengineering has been observed,
although slower than expected, but at a steady rate with increasing demand and revenue, which
ultimately have boosted the number of clinical trials taking place currently in a collaboration from
academic institutions with the medical industry and ultimately increasing the possibility of
reaching a place in translational medicine applications to help establish treatments for chronic
conditions [20, 21].

2.2. Background of the Problem - An Incidental and Financial Insight.
In this day and age, cardiovascular diseases (CVD) hold a significantly higher recurrence
than other types of diseases when accounting for leading causes of mortality and morbidity of the
global population. According to the Centers for Disease Control and Prevention (CDC), CVD
remains the leading cause of death for most races and ethnicities. The American Heart Association
(AHA) reported that in 2019 an estimate of lives affected fatally by this condition on a yearly
basis, claims 1 in every 4 people in the United States alone - severely worse than the previously
reported values in 2008 (1 in every 9) by the AHA [22, 23].
In the United States, half of the population that had been diagnosed with some type of CVD
were unable to improve their condition within a two year period, leading to their deaths regardless
of the course of treatment [23, 24] Additionally, studies suggest that the prognosis of recovery
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decreases gradually, as the time with the condition increases [25], providing evidence of a
significantly smaller survival rate 10 years post-diagnosis, with no correlation between age, sex,
heart rate. Similarly, factors such as Age, Sex, and Ethnicity do play a role in the increased
likelihood of incidence or early onset, making this a problem of major concern to a significant
degree of the population. In other words: societal factors influence likeability; however, recovery
is indifferent, and thus equally difficult, to these factors mentioned above.

Figure 2.1: CVD incidence/prevalence projections from 2015 to 2035 [26].

General consensus reports provided in 2011 by the AHA estimated that by 2030, close to
50% of the US population would suffer from a heart condition; however, this prediction was
reached by 2015 as reported by that year’s study, presenting alarming evidence of a significantly
increased prevalence rate to any type of CVD, than the one previously forecasted.
Figure 2.1. represents a readjusted projection with the current numbers and expected values
by 2035. The consensus now suggests that it is expected that the incidence of CVDs will increase
within the next 20 years (2035) to a total of 132.2 million - resulting in a number close to an
additional 30 million people affected by these conditions, which coincidentally is in agreement to
the reported values by the U.S. Census of 2010 [18]. Alternatively, it was last reported that the
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United States spends close to one-quarter trillion dollars per year [26] Figure 2.2. A-B. depicts the
increase per component (indirect and direct costs), and the contribution from the most recurring
CVDs diagnosed and treated.

Figure 2.2.A-B: CVD-related expenditure projections from 2015 to 2035 (A) Direct and (B)
Indirect [26].

The breakdown of the cost components associated with CVDs goes as follows: indirectly,
due to the loss of productivity associated with CVD. Direct costs on the other hand, also influence
the financial expenditure significantly and cash outflow of the US economy, through the coverage
of medical procedures, which extend to subjects pertaining the maintenance of patients affected
by these conditions, suggested courses of treatment, prescribed medications and other alternative
expenses associated with the provision of a relatively decent quality of life for said group. These
Direct costs were reported to contribute closer to an additional $300 billion, bringing the total
(Direct and Indirect) cost to $555 billion.
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The AHA estimates that CVD-related expenses will increase significantly by 2035,
predicting a $1.1 trillion expenditure, mostly affected through the indirect component of
productivity lost [26].

2.3. Cardio-pathological progression of diseases.
Currently, most heart conditions can be readily managed and treated by the use of routine
medication administration and by leading a healthy lifestyle (dietary habits, exercise, etc.);
however, when CVDs become uncontrolled, they can lead to aggravation resulting in a Myocardial
Infarction (i.e., heart attack), often culminating in irreversible damage as a consequence to
apoptotic and necrotic responses from local cardiomyocytes.
Often, Myocardial Infarctions (MI) are not solely associated to CVDs and may be preceded
by an exacerbation of conditions such as Hyperlipidemia, Diabetes Mellitus Type II, Insulin
resistance, obesity, atherosclerosis, Hypertension or as an undesired by-product from other
complications such as Coronary Spasms due to substance abuse. The increased risk factor posed
by systemic diseases arises a more significant concern for the general population, indicating that
this condition may affect everyone, however showing a particular preference to specific groups
[27].
To further comprehend, it is necessary to define the cardio-pathological progression of
CHD, which often leads to myocardial infarction (MI) if uncontrolled. CHD results as a
consequence of an oxygen shortage to the cardiac tissue due to the build-up of plaque along the
arterial walls, which often results in a decreased blood-volume flow (Ischemia) and an increased
arterial pressure (Bernoulli’s principle). This blood-deprived condition often reduces the heart’s
capability to perform its normal metabolic and cellular processes, which are essential to the normal
12

functioning of a healthy heart. A partial decrease or complete cessation in blood flow results in
either a “complete” or “demand” ischemia and ultimately MCI.

Figure 2.3. Schematic of a heart with two possible occlusion sites, and their respective radius of
damage. Damage done by (A) occlusion of a Left Anterior Descending (LAD) Coronary artery.
(B) occlusion nearest to the Circumflex artery region [28].

Once a patient has developed a MI, several considerations must be made, such as the long
-term effects that the heart undergoes to compensate for a loss of function. Among the
consequences most often reported [27, 28], we see left ventricle dilation, hypertrophy, and
morphological changes as a compensatory mechanism. Similarly, Anderson, Robert M., James M.
Fritz, and James E. O'Hare (1967), described the heart’s hydraulic pump-like behavior as a
“pulsatile-outflow, continuous-venous-inflow, non-sucking pump” in which the flow of blood is
directly related to the mechanics of the contractile properties that are characteristic to cardiac tissue
[29]. A computational Finite Element Method model developed by Ahmad Bakir, Azam, et al.
(2018) incorporates the consideration of these mechanics, in order to quantify the effects of Left
Ventricular Dilation, with respect to stress/hydrostatic pressure distribution [30, 31]. Through this
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model, we can compare the conditions in the image below, and the implications of the presence of
dilatational cardiomyopathy as a consequence of MI to that of a healthy native heart.

Figure 2.4. Figures A-D depict Systolic pressure. Figures E-H represent Diastolic pressure. An
increase in diastolic pressure can be seen bilaterally with Dilated Cardiomyopathy [30].

Likewise, the hypertrophy of the Left Ventricle as a compensatory mechanism implies the
pressure within the Left Ventricle increases, corresponding ventricular wall thickens, resulting in
an increase in cardiac mass, and is reportedly detrimental to the cardiac function, due to the
necessity of a higher demand of perfusion, and consequently a lesser degree of contractility [2732]. These mechanisms, if allowed for a short period of time, may prove useful to maintain heart
function; however, if untreated, may result in further advancement of the disease.

2.4. The current state of CVD treatments.
Solving this problem has proven difficult to address non-surgically. Lanza, Fox and Crea,
proposed reducing the heart rate of the affected patient as much as possible, by keeping the patient
at rest for prolonged periods of time, whilst applying mild sedation and beta-blocker medications
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to protect further progression of ischemia and therefore preserving some heart function (metabolic,
mechanical and electrical aspects) [33]. Although useful, it is highly unlikely that the extent of
recovery is enough to allow for patients to maintain a lifestyle similar to the one previously held,
without the need of serious modifications, such as exertional restrictions [32]. Similarly, it is
essential to mention that the FDA has reported evidence of adverse drug reactions being among
the top leading causes of death in the US [14].
The surgical alternatives, however, are generally known to require somewhat invasive
methods (i.e., CABG procedure, Transplant, etc.), not to mention their significantly elevated costs,
and long recovery periods of time to achieve a lesser quality of life post-infarction (often with comorbidities). A relatively less invasive procedure such as the placement of a pacemaker to aid with
cardioversion of affected hearts has been explored extensively as well; however, this solution
requires recurrent visits to primary providers and/or cardiologists to ensure the well-being and
proper functioning of the equipment, which translate to prolonged expenses and treatments that
must be absorbed by the affected population.
Alternatively, prophylactic measures such as cardio-prevention have been explored as well,
in which Calvert (2014) suggests that although effective, the main drawbacks are 1) The necessity
for a routine pharmaceutical regimen to condition the heart for a possible episode, 2) the
unpredictability/uncertainty of when a heart attack will occur, and 3) The decreased efficacy as a
consequence of repetitive administration [27].
Therefore, currently approved existing treatments present a series of drawbacks that call
for a more personalized and directly targeted approach, with respect to achieving complete
restoration of the normal physiological functions to native heart functioning, without the cons of
invasiveness or establishment of a repetitive routine.
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2.5. Stem Cells: Pros and Cons
Stem Cell therapy has often been a topic of much controversy within the past decade, in
which constant debates of its morality was and still is subject to scrutiny due to the legality of its
nature, to an extent. Although this controversy arises from the 1990s research on embryonic stem
cells, not all stem cells are harvested from this source. Since the development of alternative
techniques and routes to acquire stem cells, such as Adult Stem Cells (ASC) and Induced
Pluripotent Stem Cells (iPSC), this stigma has slowly decreased, and with it, the rigorous
regulations previously established by governmental institutions [33].
Alternatively, among other considerations that have led researchers to establish a more
routine usage of adult-derived stem cells, is the immunological considerations. Table 1 depicts the
common characteristics and criteria of selection.

Table 2.1. The comparative chart between Adult stem cells, Embryonic stem cells, and Induced
pluripotent stem cells [34].

Moreover, research within the past decade has been partially allowed, and reports have
shown evidence of highly significant positive results in regards to the achievement of extensive
restorative capabilities on cardiac regeneration [34, 35].
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In such circumstances, to understand the extent of the regenerative potential these cells
confer, it is important to dissect the different categories into which stem cells fall. The categories
are as follows:
•

Totipotency - the ability of a single cell to divide and produce all of the differentiated cells
in an organism, including both embryonic and extraembryonic cells. This is particular of
spores and zygotes.

•

Pluripotency - the ability of a single cell to differentiate into any of the three embryonic
germ layers (i.e., endoderm, mesoderm, ectoderm), however not into extraembryonic cells.

•

Multipotency - the ability of a single cell to differentiate into several types of cells of a
particular related type, however, newer research shows a capacity of conversion into
unrelated types

•

Oligopotency - the ability of a single cell to differentiate into a few cell types, however not
all cell types of a particularly related type.

•

Unipotency - the ability of a single cell to differentiate into a specific cell type; however,
this is a conceptual capacity that remains unclear whether they truly exist or not.

As per Table 1, considerations such as immuno-compatibility, tumorigenesis, electrical
integration, and retention/survival rate of the therapeutic stem cells injected into the affected zone
must be made [36]. Previous works have documented these less-than-ideal interactions within the
spectrum of the intended therapy [37, 38], primarily reporting cell migration/diffusion from the
affected area, reducing its net efficacy.
For this reason, the area of biomedical material science has started leaning towards
alternative solutions to provide cellular protection and ensure directed proliferation through the
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use of biocompatible components such as synthetic scaffolds or biosynthetic organs, which in turn
will allow the formation of localized viable cardiac tissue through stem-cell therapy that will
enable recovery without the common complications involved in the cardio-pathological
progression of CVDs or its current treatments.

2.6. Engineering Approach
The notion behind tissue engineering is creating a biosynthetic substitute that will facilitate
regeneration through the application of the scientific method, in combination with engineering
principles. In theory, the closer we get to functional mimicry of tissue, the greater the
understanding we may develop, and ultimately make better cellular products.
This discipline has been around for as long as biomaterials have existed, with the earliest
examples described as autologous skin grafting in Indian texts, during the neolithic era [36].
However, it wasn’t until the 20th century that the race towards developing ideal biosubstitues truly
began, with Chardack’s usage of an Ivalon sponge as skin replacement therapy in 1962 [36, 39]
Further advances continued, but it wasn’t until 1987 that the term “Tissue Engineering” gained
traction through the involvement of the National Science Foundation (NSF), and in 1993, the field
had reached a tipping point due to Langer and Vacanti’s work reporting selective cell
transplantation through polymer matrices [40, 41].
Over the course of several years, multiple biomaterials have been employed as matrices
with notable evidence of success in treatment modes. Common sources of polymeric matrices
reported in the literature are chitosan, collagen, PEG, and alginate/ etc. [42]; however, in the RM
field, researchers have shown an arguable preference towards alginate-based composites.
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2.7. Theoretical framework and considerations by theme
2.7.1. The matrix material of scaffolding composite
Alginate, as a naturally occurring polyuronic saccharide, has a particular capability of
forming biopolymeric materials, which in turn has also exhibited excellent compatibility for tissue
scaffolds. This biopolymer is most commonly used in the TE field in the form of a hydrogel, i.e.,
a three-dimensionally ionically cross-linked network composed of hydrophilic polymer chains
with high water content (≤ 70%) [43]. Figure 2.5 represents the egg-box model of polymeric chain
networking and gelation through ionic crosslinking - through a divalent cation [43].

Figure 2.5. Sodium Alginate (Alginic Acid Sodium Salt) before (A) and after (B) Egg-Box
crosslinking through positively charged ionic exchange with divalent ions.

The reason for the rising popularity of alginate hydrogel within the TE field is due to its
ease-of-use as a matrix for the culturing of varied cell types, as well as their delivery. Such aptitude
is possible due to its similarity to extracellular matrices (ECM) and their internal environment [44].
In addition, alginate oligosaccharides have frequently provided consistent evidence of favorable
properties such as immunomodulatory, antimicrobial, antihypertensive, antidiabetic, and
antitumor capacities, among others [45-48].
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However, the synthesis of the hydrogel presentation, and thus its properties, rely heavily
on both the cross-linking method[48-50] and β-D-mannuronic acid:α-L-guluronic acid ratio (M/G
ratio). An adequate interaction between the former and the latter results in an enhanced
improvement in the physicochemical properties of the resulting hydrogel.
Correspondingly, commonly observed M/G ratios in commercial alginate products range
from 0.19 to 2.26, and in some instances, 5.25 [48]. It is apropos to report that for the purposes of
regenerative medicine, a higher α-L-guluronic acid presence (G) in relation to β-D-mannuronic
acid (M) in the alginate salt will often result in stiffer and more consolidated structures. Thus, a
moderate/low M/G ratio is often desired due to its alacrity to bond with divalent cations, therefore
allowing for a lesser cation concentration to be used in the process, with the expectation of
significantly reducing the degree of possible cytotoxicity.

2.7.2. Cross-linking agent considerations
Alternatively, the rate of reaction at which this crosslinking occurs determines the extent
to which the gel will retain structural fidelity through an ionic gelation process. This process, in
turn, proves difficult to control due to the varying concentrations of divalent cations present at the
time of reaction as a result of the osmotic pressure/diffusion-driven interaction kinetics [51]. This
may result in nonuniform and subpar mechanical properties in the resulting hydrogels, which
cannot be used as tissue scaffolds due to their dissimilarities with mechanical characteristics of
physiological tissues [52, 53]. Correspondingly, the cross-linking kinetics play a significant role
in resultant surface area of the final product, as well as the final permeability of the scaffold, which
will dictate the rate of release or retention of particulates within the matrix [44, 54-57].
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To counter the amorphous structure resulting from polymeric crosslinking, larger alkaline
earth cations have been reported to produce a more regularly ordered polymeric structure, in
comparison to transition metal cations [52, 53].
It is also relevant to mention that the ionic radii of the cation used to crosslink the sodium
alginate polymer plays a significant role in polymeric chain mobility, determining the order of the
final structure, and ultimately its mechanical properties [53, 58].
On studies conducted by Brus J. et al., evidence was produced pointing towards the
beneficial properties of cross-linking medium viscosity sodium alginate (average M/G ratio of
1.62, or 60% M - 40% G) with Ca2+ due to its alkaline earth metal nature, it’s relatively large ionic
radius, its ease to undergo a cationic exchange with Na+ cations due to their similar atomic size,
and slower degradation kinetics due to controlled porosity [52,53, 55, 58, 59].
On the other hand, a different gelation process occurs with transition metal cations (TMC)
which in turn induce a higher M residual mobility, a much smaller required concentration to
achieve cross-linking, and a stiffer hydrogel as a consequence, at equivalent concentrations[52,
53, 58, 59]. Matrix composites with TMCs are characterized by a looser internal structure, and it
is reported to present a faster liquid diffusion.
Several diffusion models have been proposed to approximate the behavior of ionic sorption
kinetics, with a very close approximation provided through the Weber-Morris formula
approximation as represented by (1)

(

𝑄" = 𝑘% ∙ 𝑡 ) + 𝐶 ------------------------------ (1)
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where Kp is the rate of intra-particle diffusion. This equation is often used to determine the particle
flux, which in turn is associated with both degradation and possible substance release/retention.
On that note, a decreased M concentration in relation to G-chains, while cross-linking with
a proper TMC concentration, can theoretically reduce the mobility effect of the residual M-chains
after gelation, which is also a factor of stiffness and relates to the ability to modulate substrate
release.
An alternative consideration worth exploring, pertaining to the cross-linking kinetics of
alginate hydrogels, is the use of micromolar solutions with dual cation species to achieve a more
controlled gelation process resulting in finely tuned porosity, degradation rate, permeability and
mechanical properties [59, 60].
Currently, the only alginate salts recognized by the FDA as Generally Recognized as Safe
[48, 61], comprise those constituted by ammonium, calcium, sodium, and potassium. On a like
note, the availability of literature that justifies TMC cross-linking and its toxicity upon ingestion
or in vivo exposure is scarce, although positive results have been produced in academic settings
[60].
Calcium alginate hydrogels have been used repeatedly in the regenerative medicine field
due to its favoring properties, particularly beneficial towards wound dressing and healing.
Similarly, Calcium alginate hydrogels are often used in clinical settings and are readily available
for purchase under many brand names such as Aquacel, Curasorb, and McKesson, among others.
The rationale behind the usage of this material is due to evidence on enhanced recuperation and
hemostasis due to Calcium’s presence and diffusion, which promotes a physiological response
favoring intrinsic blood clotting [60, 62, 63].
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2.7.3. Carbon Nanotubes as a reinforcing phase
2.7.3.1. Physicochemical properties
Among the preferred enhancement alternatives is adding a secondary reinforcing phase to
the Alginate hydrogel, which on several occasions, has deemed to enhance the properties of the
resulting composite, placing it close to the expected values of native heart tissue. In fact, a recent
study has shown that the physical properties of alginate hydrogels produced in combination with
carbon nanomaterials were enhanced significantly, although still dependent on the chemical route
followed during the gelation process [64-66].
Furthermore, carbon nanotubes (CNTs) have become increasingly more relevant in the area
of materials science due to their disciplinary versatility and many possible applications given its
unique nature [7]. In that regard, the synthesis method has been reported to be directly correlated
to the degree of purity, as well as the manifestation of physicochemical properties. Hence, it is
desirable to achieve a high purity from the moment of synthesis, since the evidence shows it's
mostly determined by the structure, showing no particular enhancement by filtration methods [67].
Particularly, due to their intrinsic varying configurations and synthesis methods, several properties
can be obtained; however, among the most consistent and popular characteristics in CNTs, we find
a high thermal and electrical conductivity, high tensile strength, and elasticity, and low coefficient
of thermal expansion. These properties make this material desirable due to its high stability and
promising applicability.
In previous research, Joddar et al. developed and characterized multiwalled CNT
embedded alginate hydrogels and studied the effects of increasing concentration of CNT on the
resulting composite’s characteristics and their cell compatibility [68]. The results showed that 1
mg/mL of multiwalled CNT lead to the formation of most stable composite hydrogels in
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comparison with gels made with higher doses of CNTs. All the CNT-embedded alginate gel
composites depicted enhanced mechanical characteristics in comparison to the pristine alginate
hydrogels. Moreover, the 1 mg/mL multiwall CNT-alginate gels allowed enhanced cell
proliferation and migration accompanied by ECM secretion in comparison with gels made with
higher doses of CNTs.

2.7.3.2. Toxicity considerations
Considerations pertaining to pharmacokinetics and toxicity of CNTs have been reported
periodically in the field of materials science, with a study conducted by Yang et al. (2012).
documenting information in regard to the absorption, metabolism, and toxicity of CNTs. This
study produced strong supporting evidence of full clearance from blood circulation in a period of
time ranging from 1 day to 3 months [69], depending on the functionalization technique utilized
to effectively achieve dispersion [69, 70], with pristine CNTs posing a higher (yet not acutely
toxic) toxicity. Also, covalent/non-covalent [69, 70] functionalization of CNTs is responsible for
efficient uptake/clearance by the kidneys, with much less accumulation in the liver or other organs
of the reticuloendothelial system. Additionally, when paired with non-ionic surfactant Pluronic
F108, CNTs provided evidence of no adverse effects upon pathological examination in vivo on
rabbits. Thus, it has been deduced that when a dosage is maintained in-vivo, around 20 µg/kg poses
no acute toxicity [69-71].
Under this consideration, it is important to denote the principal difference between the
interaction of carbon nanotubes with an organism and a limited amount of cells within a composite
scaffolding matrix.
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In previous studies by Mooney et al., the dose-dependent CNT concentration for
maintained cell viability was reported at 32 ppm, providing not only a feasible environment but
also retaining the enhanced physicochemical properties desired for cellular applications [72]. On
the same notion, the reason for such a decreased range of effective dosage in cellular products,
when compared to in-vivo/physiological environments [7, 67-70, 72] may be due to the
biochemical limitations of cell metabolism vs. a full-fledged organism.

2.7.3.3. Solving the agglomeration problem
It is widely documented that CNTs tend to agglomerate due to the effect of Van der Waals
forces, as a consequence of delocalized π electrons, thus resulting in π-π interactions. Similarly,
this has a significant effect in its solubility within an aqueous solution (i.e., Alginate). This is a
consequence of their high aspect ratio, available surface area, and degree of purity as a result of
the method through which they are synthesized [73-76].
Furthermore, due to the natural tendency to do this, as well as their immiscibility, the
desirable properties for which CNTs are added to an alginate matrix are not maximized as
expected. The agglomeration and solubility of CNTs then, has been a topic of discussion involving
efficient and readily available mechanisms to prevent their formation, or reduce it at best [77].
This is possible through either mechanical or chemical means.
In terms of mechanical dispersion, direct mixing of CNTs with a solvent, results in both
cost-efficiency and a quasi-effortless process, however often presenting a high degree of
inhomogeneity in dispersion. Conversely, common chemical routes involve covalent attachment
of functional groups through the surface modification of the CNTs, which as a result prevents
further bundling, as well as increased solubility and increased interfacial interactions between
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matrix and secondary phase CNTs, although at the cost of some deterioration to the attractive
properties of the CNTs by compromising the chemical integrity of the electronic structure [76, 7880]. The second chemical alternative of dispersion is through non-covalent modification of CNTs,
which in turn doesn’t compromise properties. Moreover, among the most widely cited mechanisms
relies on the addition of a third component within the composite system, i.e., a surfactant [75, 78,
81].

Figure 2.6. (a) The sonication, (b) Partial segregation/adsorption of surfactants, (c) Incorporation
of additional surfactants as dispersion increases, & (d) Resulting segregation of SWCNTs [75].

Surfactants have become increasingly popular due to their ability to form micelles around
a hydrophobic material, such as CNTs, and allow for the hydrophilic component to be more readily
miscible within an aqueous solution. However, several considerations must be made, such as
surface charge characterization of the SWCNTs in order to properly predict thorough incorporation
into a soluble matrix.
The first important criterion to satisfy in order to accurately produce a colloidal suspension
of immiscible hydrophobic CNTs into a water-based system such as alginate is the Critical Micelle
Concentration (CMC) of a surfactant. The CMC of a surfactant is the bulk concentration in an
aqueous solution in which the surfactant will begin forming micelles, by having overcome the
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surface tension of the polar fluid [82-85]. This can only occur above the Krafft Temperature (Tk)
for ionic surfactants, or Critical Micellization Temperature for non-ionic block tripolymer
surfactants [86-88] and the energy of micellization (ΔG) given by the formula (2) [87, 89]:

ΔG. ° = RT ln(𝑋676 )------------------ (2)

Similarly, reported CMC values for SDS, CTAB and Pluronic F108 at 25 - 30 °C, are >8.2
mM, >0.9 mM and >0.545 mM ~ 3.00 mM, respectively [87-94].
Given these considerations, the spontaneous formation of micelles is favored by STP
conditions, when concentration is high enough to overcome the energy barrier of micellization, or
alternatively, when this energy barrier may be overcome through the increase in free electrolyte
concentration in ionic surfactant solutions, which in turn contributes through an increase of entropy
within the system. Literature reports a lesser influence of electrolyte concentration increase on
non-ionic surfactants [83-93]; however, entropy may also be increased solely through mixing, as
well as contributing an increasing kinetic energy in the system due to the rotational motion of a
fluid within a container, increasing statistical mechanic probability of particle collision within the
system, provided by the following equations (3-5) [95]:

ΔG. ° = ΔH. ° − TΔS. °-------------------- (3)

where:

ΔH = ΔU. ° + Δ(pV)

ΔU. =

A
B

Δ(pV) = 0

&

𝐼𝜔B = AB𝑚𝑣 B = IB𝑘G 𝑇 ----------- (4)
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ΔS.JK = −nR ∑AJPA [𝑥J ln 𝑥J ]-------------------- (5)

And

Several models to explain the kinetics of micellization have been proposed with varying
considerations; however, most models agree with the beforestated notion of component
contributions [96-99]
The second most relevant predictor of colloidal system stability is the zeta potential (ζ). In
the case of CNTs, it is very relevant since the mechanism of action of agglomeration in which the
Van Der Waals forces of CNTs act, are countered through the formation of an electrical double
layer. Table 2. depicts reported data for ζ values in different types of CNTs, with pristine CNTs
and some of the functionalized CNT’s demonstrating values below dispersive ranges [100]. Hence
indicating the further need for enhancement.

Table 2.2. shows a comparative image between a micelle and the electrical double layer formed
as a consequence [100].
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Image 2.7. (A) Electrical Double Layer formed by opposite charge particles bound to the
particle surface (Stern Layer), which extends onto the hydrodynamic plane (slipping plane).
Particles farther from EDL thickness (1/k) will not be electrostatically bonded to the micelle
[101, 102].

The contribution of this parameter is documented in the literature, producing evidence that
aggregation of suspended particles is more likely in near-neutral ζ or mildly charged surfaces (such
as CNTs with catalyst leftover from synthesis method).
In the case of regenerative medicine and tissue engineering, from the perspective of the
matrix scaffold, dispersion along the matrix is desirable to achieve the enhancement of
physicochemical properties. However, from a biological standpoint, some degree of an
agglomeration is desired in terms of degradation and expulsion from the body due to criterion for
reticuloendothelial system (RES) recognition (External bodies of ≥ 100 nm) [101, 103].
In terms of ζ values, It is commonly accepted as a desirable range of ≥ ±30 mV, to prevent
the coagulation or flocculation of particulates within a solution, implying that a stronger charge
will allow for better colloidal stability of the particles, and longer shelf life [101]. However, this
is not the case for non-ionic surfactants, given that the colloidal stabilization of suspended particles
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is through a physical mechanism, rather than an electrostatic one[81], where poloxamers®
(possibly a portmanteau of polymer oxide) such as the Pluronic family, rely on this steric hindrance
mechanism, directly associated to the ratio of Poly(Propylene Oxide) to Poly(Ethylene Oxide) –
(PPO/PEO ratio), where a lower ratio (higher PEO – hydrophilic component) increases CMC but
provides a greater degree of dispersibility.
Additionally, a reported mechanism in literature, called ‘Fluidization’, has been known to
overcome some of the miscibility and dispersion inconsistencies. This process relies on the
incorporation of these insoluble particle into a matrix consisting of negatively charged colloidal
polyelectrolytes (i.e., Aqueous Sodium Alginate). This mechanism is driven through the
adsorption of the matrix onto the surfaces of the remaining insoluble particles and deffloculates
them once the ζ-potential has reached a certain critical value, which corresponds to a ζ -drop related
with the increasing relative viscosity of the fluid used [104].

2.8. Conclusion
Given all these theoretical considerations provided by the reported literature and reasoning,
medium viscosity alginate, and thus medium M/G ratio (Macrocystis Pyrifera with a 59% - 62%
Mannuronic acid content, 41% - 48% Guluronic acid content. M/G Ratio: 1.44 - 1.63), in tandem
with Ca+ divalent ions was used to produce an adequate hydrogel matrix, which was then
reinforced by the integration of non-covalently modified high purity CNTs through the usage of
three different surfactants.
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Chapter 3: Research Design
3.1. Materials
HiPCO SWCNTs (HR32-009) were obtained from NanoIntegris (IL, USA). CNTs were
purified and solutionized into three different surfactants by a previously reported method [44] by
our collaborators Dr. Angel Marti and Dr. Ashleigh Smith, from RICE University in Houston,
Texas. The three surfactants (SDS, CTAB, and PF108) used to suspend the HiPCO SWCNTs
were acquired from Sigma-Aldrich (MO, USA), Acros Organics (NJ, USA) and BASF (NJ, USA)
respectively. Anhydrous calcium chloride (CaCl2) was purchased from Sigma-Aldrich (MO,
USA) as a cross-linking agent. Phosphate buffered saline (PBS) buffer solution (1X) and
Dulbecco’s Modified Eagle Medium (DMEM) were obtained from Gibco (Invitrogen, CA).
Medium Viscosity Alginic Acid, Sodium Salt was acquired from MP Biomedicals, LLC (OH,
USA). The preparation of CNT composites will be described through the methodology reported in
the following sections.

3.1.1. Fabrication of Alginate-SWCNT composite.
Three different surfactant solutions were utilized to determine which was most efficient for
diminishing the van der Waals interaction between the CNTs upon integration within a hydrogel
composite intended for tissue engineering applications. To achieve this, ~20 mg of HiPCO
SWCNT was added to a 1% wt. of surfactant solutions (CTAB, SDS, or Pluronic F108) for a final
concentration of 2 mg/mL for all surfactants used as a means to disperse the SWCNT. These
surfactant-dispersed SWCNTs were then subjected to ultrasonication (Cole-Parmer 8891, 42 kHz,
20 min, 25 °C) followed by centrifugation (Centrisart A-14, Sartorius) at 16,000 g for 30 min, and
the clear supernatant collected for the study. These surfactant dispersed SWCNT solutions were
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then added into a premade aqueous solution of 4% (w/v) sodium alginate in DI water, to achieve
a 25 ppm concentration per individual surfactant, and then cross-linked with a 0.25 M [68].
Samples were allowed to crosslink for 24 hours at 4 °C, to help control the reaction kinetics, as
well as to achieve an adequate elastic modulus and pore size distribution [51, 53, 58].
Once cross-linked, these SWCNT-gel composites were considered stable for one month
when stored at 4 °C. An 8 mm biopsy punch (Acuderm Inc., ThermoFisher Sci., Waltham, MA,
USA) was used to obtain disc-shaped samples for all gels to enable comparison between samples
of equal shapes and sizes. Digital images of these samples were acquired using an EVOS XL Core
microscope (ThermoFisher Sci., Waltham, MA, USA).

3.1.1.1. Dually crosslinked modification for 3D printing applications
Upon using 3D printer BioX (Cellink, MA, USA) or BioBot 1 (Allevi., PA, USA),
Surfactant-HiPCO SWCNT alginate composite was prepared in a similar fashion as previously
stated. In this instance, 10% (v/v) 0.25 M aqueous CaCl2 is added to DI water to form a 0.025 M
solution prior to the incorporation of HiPCO SWCNTs at a 25 ppm concentration (144 µL/mL of
PF108-SWCNT solution) and 4% (w/v) Alginic Acid, Sodium Salt Medium Viscosity.

3.1.1.2. 3D printing
10 mL syringes were loaded with the composite gels, printed with an 18 G steel tip needle
(HUAHA, Amazon) and printed with either platform depending on the required application. STL
files were created through Autodesk’s AutoCAD software and modified with Autodesk’s
Meshmixer to scale and fit dimensions. G-code was then generated through Repetier Host
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software. Prints were laid over normal specifications petridishes at 25 psi [105, 106]. Samples
were then cross-linked in a 0.25 M CaCl2 solution for 24 hours at 40% of the sample volume.

3.1.2. Dispersion of SWCNTs
To ensure the proper dispersion of the HiPCO SWNTs within the surfactants, we assessed
each sample through Dynamic Light Scattering with a Malvern Zetasizer Nano ZS90 (Malvern
Panalytical Inc., Westborough, MA, USA). Samples were prepared by dilution in DI water at a 1:5
ratio. Refractive Index (RI) for all samples was set at 2.47 and an absorption (k) of 0.99 in
accordance with values reported by literature for highly organized carbon molecules [107-110].
Figure 3.1.A. Shows the data obtained (n = 5) per sample group when quantifying the Zeta
potential (ζ), which is also in accordance with values presented previously in the literature [111].
Furthermore, upon analysis of the samples, it was determined there was no statistically significant
difference of Polydispersity Indices (PDI), prior to incorporation to anionic alginate. This is
significant due to the speculation of the importance of electrostatic interactions among matrix and
surfactant suspended CNTs and dispersion efficacy of individual surfactants. Figure 3.1.B. Depicts
the PDIs for the three surfactants before incorporation.
Evidence of the particle sizes gathered through this analytical method were also indicative
of a lesser degree of variance between PF108 suspended CNTs (587.38 nm ± 0.82%), in
comparison to either SDS or CTAB (340.28 nm ± 2.34% and 696.63 nm ± 5.5%), indicating that
on average the degree of dispersion is more homogenous in PF108 vs. the other groups (p < 0.05).
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Figure 3.1.A-B. (A) Polydispersity Indices of CTAB, Pluronic F108, and SDS, and (B) Zeta
potential (ζ) of CTAB, Pluronic F108, and SDS.

Similarly, due to the electrostatic nature of the ζ potential, it is essential to mention that it
is also suggested in the literature that the incorporation of further ionic species, such as CaCl2 as a
cross-linking agent, into the aqueous medium, can influence the efficacy and rate to which both
the electrical double layer and micelle formation occur, respectively. The DLVO theory proposes
a decrease in Debye length with increasing free ionic species, which in turn reduces ζ potential as
a function of distance, resulting in a decreased degree of deflocculation.
Other studies, however, have suggested that the incorporation of surfactants, such as SDS
and CTAB, are effectively assisted in reducing the Critical Micelle Concentration (CMC)
significantly, allowing for a steadier micelle formation, upon the presence of further counter ion
species, such as NaCl and NaBr, respectively [86].
In this study, however, some of these challenges are countered through the proposed
’fluidization’ mechanism favoring towards further disaggregation of suspended insoluble
particulates that are weakly agglomerated through VDWF.
34

3.2. Methods
3.2.1 Characterization of Cationic, Anionic and Non-Ionic Surfactant- Dispersed HiPCO
SWCNT Alginate Composites as Cellular Products study.
3.2.1.1. Raman Spectroscopy
To ensure the incorporation of SWCNTs, their retention in a dispersed form within the
hydrogel Raman spectroscopy was performed. Measurements were acquired at ambient conditions
in a backscattering geometry with an alpha 300R WITec system (WITec GmbH, Ulm, Germany).
A 532 nm excitation of a frequency-doubled neodymium-doped yttrium-aluminum-garnet (Nd:
YAG) laser that was kept at a low power output of 5 mW, and a 20 × objective lens with a
numerical aperture of 0.4, were used for data acquisition. The Raman signal was detected by a
1024 × 127-pixel Peltier-cooled CCD camera with a spectral resolution of four wavenumbers.
Accumulation of 20 Raman spectra, each spectrum recorded for 500 ms, with an overall Raman
acquisition time of 10 s per sample, was employed. Appropriate background subtractions were
performed for all Raman spectra [112].

3.2.1.2. Near-Infrared (NIR) fluorescence Microscopy
The near IR (NIR) photoluminescence of each gel was measured using an Applied
NanoFluorescence NanoSpectralyzer with a 658 nm laser excitation and 4000 ms integration time.
Three scans were averaged together for each sample. Samples were prepared by adding a small
piece of each gel to a 1 cm quartz cuvette and surrounding it with water.
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3.2.1.3. Rheological Characterization
Gels for rheometry were formulated as described earlier and were cut using a biopsy punch
(~1 mm deep, 8 mm diameter). The gels were pre-swollen in 1 × PBS prior to testing. Oscillatory
shear stress rheometry was performed (1% strain, 0.5–50 Hz) using an Anton-Paar MCR101
rheometer (Anton-Paar, Graz, Austria) with an 8 mm parallel plate geometry. The strain and
frequency range were estimated within the linear viscoelastic range of the gels through frequency
sweeps. Elastic modulus was calculated using complex shear modulus with storage and loss
moduli, and the complex viscosity was measured at 1.99 Hz for all samples, as done earlier [113,
114]. Figure 3.2 represents the mechanical relationship of shear in viscoelastic materials.

Figure 3.2. Storage Modulus (E’) vs. Loss Modulus (E”). The resulting line: Complex Modulus
(E*).

In summary, the Storage modulus (G’) is the amount of mechanical energy a viscoelastic
material can dissipate in the form of solid-like elastic deformation, whereas the Loss modulus (G”)
represents the amount of mechanical energy released as heat through the liquid-like viscous
behavior of the material opposing shear. Similarly, Tan δ is the ratio of G”/G’, otherwise known
as damping factor, which indicated the prevalent nature of the viscoelastic behavior, as well as
more energy dissipation/damping at higher Tan δ values (i.e., Tan δ > 1, preferentially
viscous/liquid-like & Tan δ < 1, preferentially elastic/solid-like).
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3.2.1.4. Electrical Characterization and Conductivity
Gels for electrical conductivity measurement were cut using a biopsy punch (~1 mm deep,
8 mm diameter) and were pre-swollen in 1 × PBS for 12 h before testing. These swollen gels were
then transferred to 50 mL centrifuge tubes for the testing. Measurements were done using the
Mettler Toledo Seven Compact Duo S213 Benchtop pH/Conductivity Meter (Cole-Parmer,
Vernon Hills, IL, USA). For each sample, the conductivity probe was immersed within the sample
at the bottom of the tube, such that the gel completely covered the tip. In this position, the probe
was held for at least 10 s until the reading was stabilized. Three repeats were conducted for each
sample present.

3.2.1.5. Scanning Electron Microscopy of SWCNT-Alginate Composites
Cross-sectional images of the lyophilized gels were acquired using SEM, following
published procedures [68]. For sample preparation and cross-section imaging, uniform-sized gels
were made with a biopsy puncher (8 mm) and freeze-dried. After preparation, thin gold/palladium
layers were deposited through Chemical Vapor Deposition (CVD) for intervals of 3 min, in a
sputter coater (Gatan Model 682 Precision etching coating system, Pleasanton, CA, USA).
Samples were then visualized using SEM (S-4800, Hitachi, Japan) at voltages ≤ 12 kV at varying
magnifications. Resultant images obtained were analyzed using ImageJ to determine their average
pore diameter (µm) and its variation across samples, through this formula (6) :

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =

"\"]^ ]_`] a\b`_`c de %\_`f (fg.i.)
"\"]^ f].%^` ]_`] \j "k` a_\ff f`a"J\l(fg.i.)
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3.2.1.6. Swelling and Degradation
To account for the hydration parameters of the CNT-alginate composite hydrogel structure
leading to swelling, gels were allowed to swell to equilibrium for five days in Dulbecco’s Modified
Eagle’s Medium (DMEM, pH = 7, 25 °C) following published protocols [68]. This process was
conducted to identify the point in time at which swelling ratio and weight were found to be
constant.
Samples were air-dried, weighed (Wo), and then immersed in DMEM, and the swelled
weight was recorded periodically (Wt) after every 24 h for five days. The swelling ratio was
calculated using the following equation (7) :

𝐷𝑠 =

(p" q pr )
pr

----------------- (7)

Where Ds is the degree of swelling, and Wo and Wt are the weights of the samples in the dry and
swollen states, respectively.

3.2.1.7. Cell Culture and Live/Dead Assay
AC16 Human CM cell lines (Millipore Sigma, Burlington, MA, USA) were cultured in
complete growth medium and passaged for in vitro stabilization before their use in experiments.
The complete growth medium consisted of Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12 Ham with 15mM HEPES and sodium bicarbonate and is liquid, sterile-filtered, and
suitable for cell culture. To this, we added 12.5% fetal bovine serum, 1% penicillin-streptomycin,
and 200 mM L-Glutamine. The cells were cultured, passaged, and stabilized for at least six
passages before use in experiments, with the medium being changed every 24 hr. At the end of
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every passage, normal and healthy cell morphology was confirmed using phase-contrast images.
These were then seeded atop each gel sample at a density of 2 × 105 cells/mL within 48-well plates
and were incubated for 72 hr (37 °C, 5% CO2), after which they were treated using a live/dead
assay (Thermo Fisher Scientific, Waltham, MA, USA) for 1 hr (37 °C, 5% CO2). This assay
consisted of Calcein AM (green) that stained the live cells and Ethidium homodimer (red) that
stained the dead cells, respectively. All live/dead stained cells were then imaged using confocal
fluorescence microscopy (Olympus IX81 inverted fluorescence motorized microscope, Japan) to
confirm the retention of viable cells within the samples and to detect the presence of dead cells
present.

3.2.1.8. Statistical Analysis
All experiments were performed with sample groups of n = 5. Data are represented as the
mean ± standard deviation (SD). After confirmation of normality, through Shapiro-Wilks testing,
a Two-way ANOVA, followed by Tukey HSD post-hoc test for multiple comparisons, was
performed to determine the statistical significance between individual sample groups with
significance set at p < 0.05.
In the cases that data was non-parametric and unable to satisfy Shapiro’s normality test, an
alternative Kruskal-Wallis test analytical method was used, along with a Kruskal Multiple
comparison, analogous to Tukey’s Post Hoc test.
Linear regression models were used as well to determine the validity of our measurements
and formulate predictions in either linear, quadratic, or cubic forms when required.
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3.2.2. Characterization of Longitudinal Stability Studies
3.2.2.1. UV-Vis Spectroscopy
To assess the homogenous dispersion after dually crosslinking PF108–SWCNT alginate
composites, 8mm disc samples made with a biopsy puncher were analyzed at varying
concentrations of 1 ppm, 20 ppm, 25 ppm, and (blank) control. UV-Vis spectra were used to assess
the concentration of the analytes through proportional intensity emission by either absorption or
transmission, relative to a blank control through an M3 multi-mode microplate reader (Molecular
Devices, CA, USA). This study allowed us to determine with some certainty the successful
incorporation of the SWCNTs into the alginate matrix.

3.2.2.2. Longitudinal Degradation of PF108-SWCNT Composite
To determine the change in mass attributed to the outwards diffusion and permeability of
the samples, each sample was weighed at intervals of 5 days, for a total of 30 days. The change in
mass allowed us to predict the behavior over time in relation to degradation and water content in
PF108 HiPCO SWCNT composites. The mass change behavior was calculated with the empirical
equation (8)

Δ𝑚(%) =

(.jt q.u )
.u

Aww

v. z ---------------- (8)
xy

This equation determined the amount of mass lost per sample by considering the amount
of swelling the sample had undergone, and the degradation that occurred after the sample had
reached an equilibrium mass from swelling. This is documented to occur within the first 1 - 2 days
of exposure to the medium, with some variability, presented accordingly in relation to the medium
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in which it is immersed [60, 115, 116]. The image of comparative study in different media can be
found in the appendix section under Figure A.4.

3.2.2.3. Tensile Strength
The mechanical strength and Young’s Modulus were calculated through a tensile test in an
MTS (MTS Systems Corporation, Eden Prairie, MN, USA) High Elongation Machine (Model
AHX800) with a Criterion C44-104 load cell and an integrated extensometer (Model 634.25F-24)
similar to other polymeric materials [117].

3.2.2.4. Dynamic Mechanical Analysis
To assess the variability in mechanical properties at varying temperatures of viscoelastic
composite, dynamic mechanical analysis was conducted through a DMA Perkin Elmer DMA 8000
(PerkinElmer Waltham, MA, USA). This procedure consisted of applying a particular geometry
(25 mm x 8 mm x 2 mm) consistent with ASTM D7028 standards [118] at a 5 ± 1 °C/min until
reaching 100 °C. The samples fabricated were made through 3D printing with the specifications
described previously. Samples generated presented a small variation in longitudinal dimensions as
a consequence of crosslinking as seen on Figure 3.3., an effect that was observed to diminish upon
cross-linking internally, through the addition of a lesser concentration of crosslinking agent before
extrusion via 3D printer into a specified geometry and cross-linked again for a second time. This
phenomenon has been observed in literature as well [56].
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Figure 3.3. depicts the dimensional analysis of 3D printer alginate (n = 5), with evidence of
variance along the transverse axis, however not statistically significant.

3.2.2.5. Statistical Analysis
All experiments were performed with sample groups of n = 5. Data are represented as the
mean ± standard deviation (SD). After confirmation of normality, through Shapiro-Wilks testing,
a Two-way ANOVA, followed by Tukey HSD post-hoc test for multiple comparisons, was
performed to determine the statistical significance between individual sample groups with
significance set at p < 0.05.
In the cases that data was non-parametric and unable to satisfy Shapiro’s normality test, an
alternative Kruskal-Wallis test analytical method was used, along with a Kruskal Multiple
comparison, analogous to Tukey’s Post Hoc test.
For collinearity and correlation studies, ANCOVA and Akaike’s Information Criteria were
applied with an α level set at 0.05 for significance.
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Linear regression models were used as well to determine the validity of our measurements
and formulate predictions in either linear, quadratic, or cubic forms when required.
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Chapter 4: Fabrication of Surfactant-Dispersed HiPCO Single-Walled Carbon NanotubeBased Alginate Hydrogel Composites as Cellular Products
4.1. Introduction
In this study, we used high-pressure carbon monoxide (HiPCO) process-created singlewalled carbon nanotubes (SWCNT), processed from the gas-phase reaction of the iron carbonyl
with high-pressure carbon monoxide gas. These SWCNT produced by the HiPCO process at RICE
University [119, 120] are of high purity (≥ 90%) and fibrous in nature, which enables easy
dispersions in organic solvents thereby reducing the overall dose of CNT used for making
composite products.
SWCNTs were mixed into various surfactants, namely, sodium dodecyl sulfate (SDSanionic), cetyltrimethylammonium bromide (CTAB-cationic), and Pluronic F108 (PF108nonionic) to promote their homogenous dispersion with extremely low doses of CNTs, in
comparison with previously reported literature [68]. Therefore, the objective of this project was
to prevent such natural interactions by forcing them to interact with the various surfactants, namely
with SDS - anionically, CTAB - cationically, and with PF108 by steric hindrance [81]. Further,
we are certain of the resulting interaction, given that the concentrations of these surfactants are
well above the CMC at 25 °C, corroborated by our calculations, which have placed them at 34.67
mM, 27.44 mM and 0.685 mM for SDS, CTAB, and Pluronic F108, respectively.
These SWCNT-surfactant solutions were then mixed with the alginate solution, and the
mixture cross-linked with divalent calcium ions to promote the formation of SWCNT-embedded
alginate gel composites. We hypothesized that the use of various surfactants to promote uniform
SWCNT particle dispersion by different interaction mechanisms would enable a comparison of
the resultant SWCNT-alginate composites based on their physical and mechanical characteristics

44

along with cell compatibility. The results will contribute to establishing a novel method of making
SWCNT-alginate composites and help optimize the use of a dispersion agent to facilitate making
electrically conductive substrates for cell therapy, tissue scaffolding, and biosensors among many
other applications.
Incidentally, literature reports different surfactants present different degrees of efficacy to
form a CNT suspension, which seems to be stable at varying initial concentrations [81]. This
particular capability is known as Mass Percent Conversion (MPC) and is shown in Table 3.
Table 3. The mass percent conversion of different surfactants indicating the final concentration
of suspended nanoparticles in a solution [81].

Table 4.1. The mass percent conversion of diffreent surfactants indicating the final
comcentration of suspended nanoparticles in a solution
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Under these considerations, since the MPCs of the surfactants used in this study are SDS 3.3%, CTAB - 5.1% and Pluronic F108 - 8.7%, in order to achieve a 25-ppm concentration of
CNTs within the hydrogel matrix, a total volume of 380 µL/mL, 245 µL/mL and 144 µL/mL of
SDS, CTAB and Pluronic F 108 were added, respectively onto the matrix. Composite gels were
then characterized to monitor any enhancement within their particular properties.

4.2. Characterization Results and Discussion
4.2.1. Raman Spectroscopy
To ensure the incorporation of SWCNT within gels and the effective retention in a
dispersed form by the addition of surfactants, Raman spectroscopy was performed on the samples.
The results are presented in Figure 1A–C. For control reference and visual inspection of
incorporation, as well as for an accurate assignment of the observed Raman vibrations, only the
Raman spectra of SWCNT-surfactant mixtures are shown in Figure 1A and a sole pristine alginate
hydrogel in Figure 1C. All the Raman spectra were appropriately labeled, and those in Figure 1AB are vertically translated for easier visualization.
It is well established that the intensity and broadness of the characteristic Raman
vibrational lines at 1318 cm−1 (D band) and around 1580 cm−1 (G band) are a direct estimation of
carbon-based sample quality [121-125]. Although the disordered carbon line, namely D mode, is
an inherent Raman feature of carbonaceous products, and particularly of SWCNT and their
intrinsic relationship to asymmetry or finite-size effects, the G line of graphite commonly splits
into a broad peak G1 at 1550 cm−1 and a narrow feature G2 at 1580 cm−1. The sharpness of the G2
peak is also a direct indication of potentially unwanted SWCNT bundling [124]. Furthermore,
through analysis of Raman vibrational lines associated with the radial breathing modes (RBMs),
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validation of a metallic or a semiconducting content of SWCNT can be achieved [124, 125]. The
presence of all these Raman features in the current spectra allows us to perform an inclusive
analysis, as well as confirming the employed SWCNT is of high quality.

Figure 4.1. Figures A-C. depict the individual Raman spectra of (A) SWCNTs suspensions
(SDS, CTAB, PF108), (B) SWCNTs/hydrogel composite, (C) Alginate Hydrogel.
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A strong presence of the SDS surfactant is observed in Figure 4.1.A, and the corresponding
SWCNT-SDS Raman spectrum, with vibrational lines around 423, 595, 839, 1085, 1443, and 2900
cm−1. More importantly, the lower intensity and broadness to a less defined G2 peak seen in this
spectrum, in comparison with the intensities of this line in the Raman spectra of SWCNT-CTAB
and SWCNT-PF108, demonstrates a potential clustering of SWCNT in SDS. This bundling is also
implied by the weak Raman feature around 218 cm−1, which is absent in the other two spectra.
These remarks confirm a lower solubility of SWCNT in SDS than that in CTAB or PF108,
corroborating with the visual appearances of the samples in Appendix Supplementary Data Figure
A2.
The RMB Raman peak at 283 cm−1 validates the semiconducting characteristic of SWNTs
used in this study [124], [125]. The higher intensity of the D band observed in the SWCNT-SDS
Raman spectrum, compared with the Raman spectra of SWCNT-CTAB and SWCNT-PF108, also
indicates a higher number of defects and bending of the CNT in the former case.
Investigations of SWCNT-surfactant-gel composites shown in Figure 1B reveal a more effective
dispersion of SWCNT in alginate hydrogel when CTAB and PF108 are used than in the case of
SDS employment. This affirmation is also supported by more noticeable Raman vibrations
attributed to alginate in the SWCNT-CTAB-alginate and SWCNT-PF108-alginate spectra, such
as the peaks at 210, 350, 434, 478, 815, 890, 960, 1094, 1318, 1432, 1621, and 2900 cm−1 (see
Figure 4.1C). The overlapping of alginate vibration at 1318 cm−1 with the D band prevents further
examination of other induced defects to SWCNT as a consequence of incorporation. Thus, among
the three surfactants, the PF108 (steric), followed closely by the CTAB (cationic), reveals higher
dispersive and colloidal stability than SDS (anionic) in the cross-linking process of forming the
SWCNT-surfactant gel composites.
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4.2.2. Near-Infrared (NIR) Fluorescence Microscopy
Bundling has been noted to disturb the observable physical properties of SWCNTs, through
the possible presence of metallic impurities remaining from the synthesis method used. Similarly,
it has been documented that upon individualization, better microscopic and spectroscopic
observations can be made [111].
HiPCO SWCNTs are known to emit near-infrared (NIR) photoluminescence (PL) in the
long-wavelength region [126]. The retention of pristine SWCNT single-walled carbon nanotubes
dispersed via surfactants and encapsulated within alginate gel composites was confirmed using
NIR PL intrinsically emitted by the nanotubes. When exposed to 658 nm for excitation, the
SWCNT-CTAB and PF108 composite gels exhibited some characteristic nanotube PL spectra
indicating localization of nanotubes in these samples, compared with the other gel samples (Figure
4.2.2). These results imply that the SWCNTs were effectively dispersed and prevented from
agglomeration by PF108 and CTAB, but not by SDS. NIR PL measurements of the other gels
appeared to display weak emission from some individualized CNT within the gels.

Figure 4.2. Near-infrared (NIR) photoluminescence spectra of different surfactant/SWCNTbased hydrogels.
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The sample prepared from PF108, in particular, showed individual NIR emission peaks
similar to those seen in CNT surfactant dispersions of semiconducting nanotubes [111, 126]. These
observations may be attributed to the fundamental interactions of the SWCNT-surfactant systems
with sodium alginate and cross-linking mechanism via calcium chloride [68].

4.2.3. Rheological Characterization of SWCNT-Alginate Composites
The rheological analysis was performed with the objective of studying the viscoelastic
properties of different hydrogel compositions (Figure 4.3) [8]. All the samples were subjected to
strain sweep tests to establish the linear viscoelastic region where both the storage and loss moduli
were independent of the applied strain, as done previously [127, 128].
In all the cases, the storage moduli were significantly higher than the loss moduli indicating
that the synthesized gels were all chemically cross-linked (Figure 4.3.A). It was also observed that
the incorporation of SWCNT into the hydrogels with any of the three surfactants increased the
elastic moduli (Figure 4.3.B) and complex viscosity (Figure 4.3.C), as opposed to the control
sample. Further, the mechanical properties of the CTAB infused hydrogels were found to be
superior to those of the hydrogels with SDS and PF108 (Figure 4.3.A, B). The electrostatic
interaction between positively charged surfactant, CTAB, and anionic groups present in the
sodium alginate caused an overall stiffening of the matrix and enhancement of all rheological
properties [54].
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Figure 4.3. Rheology of composites. * indicates statistically significant difference (p < 0.05) v.
control. CTAB samples appeared to have significantly higher elastic moduli and complex
viscosity. All composite samples depicted an increase in Storage and Loss Moduli, in
comparison with controls (A) [116].

4.2.4. Electrical Characterization of SWCNT-Alginate Composites
It is known that Ca2+ ions used in the cross-linking of alginate gel systems can influence
the magnitude of the observed conductivity [129]. Therefore, a comparison was made between
pre- and post-cross-linked SWCNT-surfactant dispersions in alginate gels. Electrical conductivity
(Figure 4) was studied pre- and post-crosslinking of the SWCNT-surfactant dispersions in alginate
gels, to understand how the mode of dispersion (SDS-anionic, CTAB-cationic, and PF108-steric)
of the SWCNT influenced the increase in electrical properties in comparison to control alginate
gels. Among the non-cross-linked samples, the SWCNT-PF108 showed the maximum values
compared to other SWCNT-surfactant systems (as indicated by *1).
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Figure 4.4. Conductivity values of different surfactant/SWCNT-based hydrogels. * indicates
statistically significant difference (p < 0.05) for non-cross-linked (*1) and cross-linked samples
(*2) of PF108, in comparison with controls [116].

As PF108 was used at the lowest volume of the three surfactants, owing to its high MPC
and steric nature, it allowed for better dispersion of the SWCNTs compared to the other surfactant
systems used. Proportionately, the conductivity values for the SWCNT-PF108 was highest among
all cross-linked samples as well (as indicated by *2). Among the cross-linked systems, a consistent
increase in conductivity occurred across all samples, including the pristine alginate gels, due to the
presence of Ca2+ ions. It is interesting to note that these results are in range with conductivity
values reported for actual physiological tissues in other published works [130, 131]. In fact, the
SWCNT-PF108 gel composite yielded a value, which was almost double the electrical
conductivity reported from actual physiological tissues [130, 131].
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4.2.5. Scanning Electron Microscopy (SEM) of SWCNT-Alginate Composites
In this study, composite scaffolds of alginate and SWCNT were fabricated by cross-linking
sodium alginate with calcium chloride, which produces micropores during the gelation process
[68]. To confirm that the introduction of the SWCNT-surfactant into this alginate gel system did
not disorder this natural pore formation process, SEM imaging was conducted. In general, all
SWCNT-surfactant gel composites demonstrated a stable internal structure with homogenously
distributed pores and no evidence of stress cracking in any of the samples imaged (Figure 4.5.A)
when compared with alginate gel controls (Control). However, the SWCNT-PF108 composite gels
exhibited the smallest average pore diameter of 241.36 µm, among all samples (Figure 4.5.B).
Additional observations demonstrated the rough surface of the composites that maintained
“crater-like” surfaces. However, these surfaces became shallower for the SWCNT-CTAB and SDS-based composite gels in comparison with the other cases. We attribute this to the colligative
properties being influenced by the miscibility change associated with the incorporation of CNTs.
It has been corroborated in the literature that the degree of gelation of a hydrogel is directly related
to the final apparent porosity and pore size of the material. This is a function of time, concentration,
and miscibility of constituents within a solution. In this study, all samples were left to cross-link
on 24-hr intervals at a 4°C temperature and a 0.25 M concentration of CaCl2, which has to lead us
to conclude that the relative difference in pore dimensions are associated to the presence of
effective CNT dispersion and its respective surfactant.
As it is expected, a higher degree of gelation, within fixed parameters, indicates a higher
degree of homogeneity. Alternatively, a greater pore size present in SDS loaded samples can be
attributed to the lesser solubility pertaining to free particulates of disordered CNT bundles, and the
electrostatic repulsion occurring between anionic SDS and anionic alginate. Similarly, CTAB
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presented evidence of the closest resemblance to control, which can be explained due to the
electrostatic attraction and homogeneous dispersion among the matrix, however larger particle
sizes in comparison to PF108.

Figure 4.5.A. Characteristic SEM images per sample [116].

Figure 4.5.B. The average pore size distribution of different surfactant/SWCNT based hydrogels
[116].

4.2.6. Swelling and Degradation
The swelling kinetics and behavior of all SWCNT-surfactant gel composites were analyzed
and depicted in Figure 6. From this data, we conclude that the addition of SWCNT-surfactants
within alginate did not adversely affect the stability of the cross-linked alginate gels [60, 68, 127].
Among the SWCNT-surfactant gel composites, the PF108 dispersed gel composites showed the
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least amount of swelling compared to other systems making it the most stable system compared to
all other cases (indicated by *). However, the SWCNT-SDS gels and the SWCNT-CTAB gels
showed a higher degree of swelling when compared to the SWCNT-PF108 set of gel composites.
This could be due to SWCNT-PF108 gels having the smallest average pore diameter of all systems
analyzed, and this case being the most stable in terms of SWCNT homogenous dispersion by the
PF108. All SWCNT-surfactant gel composite systems reached an equilibrium swelling degree at
two days, implying stability of the SWCNT-surfactant embedded gel systems similar to the
alginate control gels.

Figure 4.6. Swelling analysis of different surfactant/SWCNT-based hydrogels. * indicates
statistically significant difference (p < 0.05) in comparison with controls [116].

4.2.7. Cell Culture and Live/Dead Assay
After 72 h, the cultures were analyzed using a Live/Dead assay with Calcein AM (green)
that stained the live cells and Ethidium homodimer (red) that stained the dead cells, respectively
[127]. Results depicting the cytotoxicity of these SWCNT-surfactant gel composites are shown in
Figure 4.7. Among the SWCNT-surfactant gel composites, viable cells were detected only in the
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SWCNT-PF108 gels. These results are in agreement with others’ published studies that Pluronic
appears to be highly biocompatible if used at low concentration [70, 132, 133]. The number of live
cells in the SWCNT-PF108 gels was 80% ± 5% in comparison with alginate gels, which showed
about 92% ± 8% live cells. These sets of values were not statistically different. Neither live nor
dead cells were detected in the other SWCNT-surfactant gels. Although we did not perform any
follow-up experiments to determine the reason for this observation, it could be attributed to the
enhanced cytotoxicity associated with the surfactants, SDS and CTAB [81].

Figure 4.7. Representative live-dead assay stained images of cells cultured in SWCNT-PF108
composites (right) and pristine alginate gels (left) [116].

4.3 Conclusions
Alginate hydrogels in tissue engineering and regenerative medicine have repeatedly
demonstrated their functionality and usefulness for culturing of cells, among other applications.
The intrinsic properties of the Alginate gel are what makes this material a viable primary phase for
biocomposites in which a secondary phase such as PF108-SWCNT can enhance its mechanical
and electronic properties to mimic endogenous tissue by reducing the disparity to the native
mechanical characteristics of physiological tissues. Among the studied surfactant-SWCNT groups,
56

PF108-SWCNT pointed to a more consistent and comprehensive enhancement in efficiency to
evenly disperse the HiPCO SWCNT in comparison to the other groups, as well as an overall
increased performance when tested in contrast to control and other SWCNT-surfactant groups.
These encouraging outcomes will lead to further research that may be necessary to comprehend
thoroughly the enhanced electronic properties of the PF108-SWCNT hydrogel composite, as well
as its applicability and optimization for 3D bioprinting and other biomedical applications beyond
the scope of tissue engineering [134].
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Chapter 5: Longitudinal Stability Studies
5.1. Introduction
After concluding the comparative studies between the surfactants, evidence pointed
towards greater stability attributed to biocompatible Pluronic F108, which was further
corroborated in literature [132]. At this time, we decided to slightly modify the protocol utilized
to encapsulate the PF108-SWCNT complex into the alginate gel, to achieve an adequate viscosity
for smooth extrusion in a 3D bioprinter. The protocol consisted of adding 25 ppm of PF108SWCNT into a 25 mM aqueous CaCl2 solution, which was mixed for homogeneity and
dissociation of CaCl2, to which we then incorporated the sodium alginate to begin minimal crosslinking internally and produce ideal viscosity[56, 60, 113].

5.2. Characterization
5.2.1. UV-Vis Spectroscopy
As reported in the literature by Kuwahara et al. and Alvarez-Primo et al., through NIR PL
spectroscopy, both semi-conducting HiPCO SWCNTs, as well as PF108-HiPCO dispersions
respectively, present photoluminescence along the IR wavelength. NIR also helped us determine
to some extent, the presence of the intended dosage of CNTs used to make the hydrogel composite
[116, 135]. Furthermore, in comparison, UV-Vis allowed us to determine light interaction within
the ultraviolet and visible light spectra. Through this method, we have been able to determine the
successful interaction and incorporation of the matrix with the alginate gel, by measuring the
intensity response along with the ultraviolet and visible light spectra.
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Figure. 5.1. shows the intensity response of the composites relative to the blank alginate,
which was used as a baseline for absorption. As expected, at 1 ppm, a higher absorbance was
observed, relative to plain alginate, and increasing further with 20 ppm and 25 ppm, respectively.
Data produced through this spectroscopy method provided information pertaining to the
particle size of carbon nanotubes. The UV response obtained was characteristic of nanoparticles,
particularly with the absorption maximum remaining at the same wavelength (~300 nm or 4 eV),
indicating there is no red-shifting. This can be interpreted as average particle size remaining
constant throughout the samples.
Further analysis showed absorption behavior similar to the absorption spectra of transverse
nanorods, however, along with the UV spectra. This could possibly be explained by the micellar
layer formed around the axial orientation of the nanotube, damping the signal to some extent, while
the longitudinal emission does present some plasmonic-like features, however, to a lesser extent,
possibly due to purity implications.
The broadness of the characteristic peaks for each group of concentrations was indicative
of some mild decreasing particle size, which can be attributed to increased dispersion, further
corroborated by the generally increasing width of decreasing particle size [136-139].
On that note, particle geometry and purity can be qualitatively assessed through the
observed spectra. Absorption analyses are documented to vary significantly with the aspect ratio
of the nanocomponents, as well as the particle size in one dimension [140]. The position of the
optical range absorbance and intensity response, are consistent with a comparable low aspect ratio
and low diameter of nanoparticulates [140], indicating an effective dispersion, however, a strong
plasmonic surface resonance response that correlates with a decreased transmittance that has been
dampened through the incorporation of polymeric groups [141].
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Upon calculation of concentration per maximum absorbance through Beer-Lamberts law,
calculations indicated a 14.8% difference to actual values, for which mild agglomeration can be
attributed to particle proximity [140]. This was further corroborated through Electron Microscopy
(Appendix Image A5).

Figure 5.1. UV-Vis spectra of PF108- HiPCO SWCNT alginate composites at 4 different
concentrations.

Previous works corroborate the excitation position of the quasi-1D structure of CNTs at
the UV spectra (~300 or 4 eV), associating it with π-plasmons of both pure and impure nature
[142-144] particular of graphene and SWCNTs, with decreasing intensity as a consequence of
exposure to different species or impurities. This property has been suggested as an application for
the detection of ionically charged particles for purity purposes in environmental and biomedical
applications.
This quasi-particle interaction is theorized to occur due to due to the UV light interaction
with the high surface area attributed to nanoparticles [138, 145, 146]. Thus, plasmonic-like
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absorbance was observed at the UVB range for all samples, while just a concentration of 25 ppm
depicted absorption indicative of interband transitions. Further, it’s been noted that UV interaction
with NPs, and more specifically, SWCNTs, can induce defect introduction into the molecular
structure, as well as purification through metal catalyst oxidation [120].

5.2.2. Longitudinal Degradation of PF108-SWCNT composite
To further characterize the stability of PF108-SWCNT composite gel, a longitudinal
degradation study was conducted in a similar fashion to swelling and degradation studies
conducted previously, however at this time, we modified the parameters to ascertain the thermal
contribution over 30 days. One group was swelled in 3 mL of DMEM at 4 °C, whereas the other
group was swelled in the same solution; however, at 25 °C. All samples were weighed periodically
for 30 days until complete degradation was observed. Figure 5.3.1. depicts the weight loss percent
as a function of time for both groups.
For this study, it was observed that either sample did not present a significant change in
mass until day 15. Variables such as temperature, time, and change in mass were assessed through
a Nested Multi-way Anova and an HSD Post hoc Tukey test conducted to analyze the temperature
dependence of mass degradation over time. Similarly, ANCOVA was conducted to analyze the
relevance of the linear models with and without temperature considerations. This study presented
a high statistically significant influence in either time (t), and temperature-time interactions (p <
0.001), however a lesser statisticall significant impact in comparison (p < 0.05) for Temperature
(T) alone.
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Figure 5.2. Weight Loss % as a function of time.

Evidence demonstrated that there was no statistically significant difference in mass or mass
loss between either group during onset, remaining steady until day 15, in which a significant
difference among weights was clearly witnessed (p < 0. 05), and further increased as a function of
time until day 20 (p < 0.01), with samples exposed at higher temperatures commencing accelerated
degradation into particulates.
At this point mild degradation was witnessed in the 4 °C group, which decreased the mean
difference between groups (p < 0.05), although demonstrating no significant change in mass within
the group over a duration of 30 days, providing evidence of the underlying swelling and
degradation kinetics mechanisms and their relationship to environmental exposures.
Upon further inspection of the regression model through ANCOVA and Akaike’s
Information Criterion, we compared all models for ‘goodness-of-fit’. When including the
Temperature: Time interaction as a variable, we obtained an R2 = 0.85 for the multi-variable
analysis, in comparison to the linear model that does not account for the collective effect (R2 =
0.67). The creation of a linear regression model helped establish confidence between the variable
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interactions and allowed us to formulate a set of equations that may be used to predict mass loss
at given temperature ranges.
It is important to mention that a Pearson's correlation test showed evidence of a strong
negative correlation with very high statistical significance in time-dependent degradation (R = 0.8, p < 0.001), and a medium-low negative correlation with high statistical significance in sole
Temperature-dependent degradation (R = -0.5, p < 0.05), indicating that at normal temperature
ranges, degradation is driven more through time rather than Temperature, however a particular
Time: Temperature interaction can be noted (p < 0.001).
On a separate note, an attempt at studying swelling and degradation of the composite within
DI water, showed no evidence of any interaction, remaining constant throughout 2 days. This is a
clear indication of one-directional ionically driven diffusion and permeation

5.2.3. Dynamic Mechanical Analysis
DMA studies in this particular case allowed us to determine the functionality of the
composite material at variable temperatures, by providing a response of the ratio at which
viscoelastic composites interact with temperature-related changes through either elastic or viscous
tendencies. In addition, it is commonly theorized that mechanical properties are directly correlated
to environmental and microenvironmental changes, as well as temperatures[115]. So this study is
set as a contrasting mechanism to evidence that environmental exposures relate directly to the
mechanical behavior of composite materials.
As stated in previous sections, degradation of the composite material occurs at different
temperatures within the range of 15-20 days, begging for questioning as far as the translation to
mechanical properties in relation to their temperature and time. In this study, we considered the
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thermal effect on Storage and Loss modulus, to obtain more information about the characteristic
response of the composite.
Evidence was indicative of a clear change in properties as a consequence of what was
considered (per the previous analysis) as a thermally controlled degradation. Figure 5.3.3.
represents the obtained DMA data pointing towards a Tg occurring at 87.95 °C, and upon
examination of the measurements, through linear regression models, a stable behavior was
observed. All samples tested exhibited the same quasi-linear trend, varying only in the maximum
Storage and Loss values (12.7%), however proportionally and within the same Tan δ.
The particular curves are similar to the ones presented in previous studies where hydration
of the polymeric matrix influence directly the expression of mechanical properties [147, 148].
This mechanical characterization technique provides evidence of the structural disturbance
presented through water molecules entrapped by polymeric chains of the matrix, as well as
restricted mobility of the chains due to the degree of cross-linking and CNTs. This leads us to
believe that the behavior of viscoelastic composite is more oriented towards an elastic response
upon stress exposure, which is a quality that may be exploited structurally for cardiovascular cell
therapy.
Pertaining the moduli after reaching Tg, data showed a sudden decrease, indicating
behavior similar to crystal-crystal slippage of semi-crystalline polymers [149], which as
corroborated by analytical methods and literature, however, a secondary peak formed through
water’s molecular motion opposition of polymeric chains, called an ‘overshoot’ after reaching a
maximum stress value, and relieving it through chain relaxation associated to thermal expansion
and free volume [148, 150].
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Figure 5.3. Storage and Loss Moduli (E’, E’’), in contrast to Tan δ changes.

Similarly, when calculating the complex modulus of the samples, we can see a linear trend
with a negative slope as a function of temperature. This indicates that the composite material is
relatively stiff with a predominant elastic nature at near room temperature values due to the degree
of crosslinking (consistent with our previous rheological data), however with increasing thermal
contribution, a decreased toughness is observed. Figure 5.4. represents our calculated complex
modulus in relation the the values we obtained from Storage and Loss.
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Figure 5.4. Complex modulus as a function of temperature. The linear model fits with an R2 =
0.96.

5.2.4. Tensile Strength
The change in mechanical strength and Young’s Modulus of PF108-HiPCO SWCNT
alginate composites were calculated through a tensile test in an MTS (MTS Systems Corporation,
Eden Prairie, MN, USA) High Elongation Machine (Model AHX800) with a Criterion C44-104
load cell and an integrated extensometer (Model 634.25F-24). Parameters for this study were
determined by temporal stability, determined by previously conducted experimental methods. At
this point, 1-week samples after crosslinking and samples having spent 20 days after crosslinking
left at 4 °C were tested for comparison of the change in mechanical properties associated with
temporal degradation, with almost negligible temperature considerations.
This study helped in determining the water weight % contribution to the mechanical
integrity of the hydrogel composite. Figure 5.5. is a representation of the mechanical properties of
the composite hydrogel at temporal considerations.
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Figure 5.5. Temporal comparison of Stress vs. displacement in hydrogel composites.

At considerably moderate degradation rate per sample, on a temporary basis, a significant
decrease in Young’s modulus was observed, at which we attribute outer-diffusion and permeation
of internal water. In that regard, every sample before testing presented mild traces of water vapor
within the petri dish. This indicated that even under controlled environments, water permeability
plays a significant role in long term stability. As it is observed in the DMA data, sample stability
is directly associated with the water content in the sample since a characteristic property of alginate
gels is their water retention. This mechanical test has allowed us to determine the extent to which
this water content plays a role in the given properties. This opens a window of questions pertaining
the hydration retention in order to maintain mechanical properties for longer periods of time.
Additionally, cross-linking modulatory efforts have been made with promising results on temporal
stability [113].
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Chapter 6: Summary of Findings, Discussion, Conclusion and Future Works
6.1 Introduction
The different methods developed to fabricate scaffolds with pore architectures developed
designed in the last decade include gas foaming [151], sintering fiber meshes [152], solvent casting
[153], polymerization in solution [147], electrospinning [154], 3D printing [155], and 3D
bioprinting of scaffold with cells [156]. One of the popular strategies adopted for the creation of
engineered tissues is the culture of isolated cells on three-dimensional scaffolds along with
permitting conditions that lead to the development of a functional tissue. The scaffolds can be
fabricated from synthetic polymers or from natural materials, such as alginate, collagen, or gelatin,
to provide the biomechanical support needed by the growing cells. As the cells grow and
differentiate on the scaffold, they secrete their own ECM, which supports the growth and
maturation of a functional tissue in vitro.
The feasibility of engineered functional cardiac muscle has been demonstrated by many
research groups, including us [127, 157]. However, most study outcomes have led to cardiac
muscle constructs with a number of inadequacies that limit their effectiveness in vitro and in vivo
applications. Unlike native cardiac muscle that consists of fibers with a defined alignment, the
cells in engineered constructs exhibit random alignment and a poor degree of functional maturation
[158]. Thus, its usefulness as a cellular implant for replacement therapy is limited. Therefore, a
need exists for techniques allowing the creation of robust physiological tissues in vitro, leading to
enhanced integration and functionality of transplanted tissues in vivo [72].
To engineer functionally mature cardiac tissue constructs, it is essential to have them in
scaffolds such as hydrogels, which supports cell retention, survival, and integration of host cells.
However, hydrogels casted from commonly used biopolymers such as gelatin, alginate, or collagen
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are electrically nonconductive, and they must be infused with another secondary conductive
material to make them serve the dual functions of being biocompatible and electrically conductive.
The intimate contact between the cultured cells and the electrically conducting component in the
tissue scaffold then acts like a biological electrode and dramatically lowers the energy threshold
required to induce action potentials or for electrically pacing the cells, in the case of a cardiac
construct. Electrically stimulated pacing of cultured cardiomyocytes on such biocompatible and
electrically conductive scaffolds serves as an experimentally convenient and physiologically
relevant model of cardiac tissue in vitro [158].
Electrical stimulation of cardiac cells leads to enhancement in the expression of connexins
in myocardial cells, which in turn, form gap junctions [158]. In our previously published research
study [68], we synthesized functionalized multiwall CNT-alginate composite gels with
distinctively different mechanical, physical, and biological characteristics in comparison to
alginate alone.
The resultant MWCNT-alginate gels were porous and showed significantly less
degradation in vitro, compared to alginate alone. In vitro cell studies showed enhanced HeLa cell
adhesion and proliferation on the MWCNT-alginate compared to alginate.
Among all the MWCNT-alginates, the 1 mg/mL gels showed significantly higher stiffness
compared to all other cases. These results provided an important basis for the development of the
MWCNT-alginates as novel substrates for cell culture applications, cell therapy, and tissue
engineering. However, 1 mg/mL of CNTs in the alginate may still be cytotoxic to cardiac cells
[159].
Therefore, our goal was to seek approaches to lower the overall concentration of CNTs
encapsulated within the alginate gels.
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A large number of surfactants have been studied for the dispersion of SWCNTs. The
surfactant molecules are mostly amphiphilic in nature, and during the adsorption process, the
hydrophilic ends of the surfactant interact with water molecules. In contrast, the hydrophobic ends
interact with the hydrophobic surface of the SWCNTs, thus stabilizing them in aqueous medium
[84].
In this study, this was achieved by the use of dispersion agents such as CTAB, SDS, and
PF108, which interacted with the SWCNTs by various mechanisms.
At high surfactant-to-CNT ratios, the ionic surfactants can stabilize the SWNTs
electrostatically, whereas non-ionic surfactants rely on steric hindrance to overcome the attractive
van der Waals forces (VDWF) between them. Ionic surfactants achieve this by adding a micelle
layer around the prevalently non-polar hydrophobic CNT surface, not only enhancing their
miscibility within polar solvents but also counteracting the VDWF interactions through the
formation of an electrical double layer (EDL), which increases the ζ potential of the CNTs.
However, at low surfactant concentration, there is insufficient coverage on the surface by
surfactant molecules and hydrophobic attraction between the SWCNTs themselves, which leads
to the agglomeration or flocculation of the SWCNT bundles [84]. In this study, all surfactants were
used in the range depicting a high surfactant-to-CNT ratio, as guided by published literature [84].

6.2 Discussion
6.2.1. Discussion of Cationic, Anionic and Non-Ionic Surfactant- Dispersed HiPCO SWCNT
Alginate Composites as Cellular Products study.
Among the surfactants used, CTAB is cationic, which causes the CNTs to acquire a
positive surface charge with a surface potential that depends on the surfactant-to-CNT ratio. For
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SDS, although anionic in nature and provides a high ζ potential to the SWCNTs particles
(theoretically affording effective dispersion), they failed to sufficiently surface adsorb and stabilize
these CNTs in water, corroborated by our results in this study [84].
However, PF108 was estimated to be the most effective system for promoting SWCNT
dispersion based on results obtained in this study. PF108 is amphiphilic and does not confer any
specific charge to these SWCNTs. Our results are in agreement with previously published reports,
where it was clarified that when CNTs are added to Pluronic, first, the bundles disaggregate,
kinetically driven by the energy supplied to the system; second, they disperse via surfactant
adsorption, thermodynamically driven by the surfactant concentration [133]. As the CNTs are
simply surface adsorbed without any chemical interaction, they do not oppose the strong ionic
bonding of the alginate via a calcium-based cross-linking mechanism, as shown by published
works [43, 50, 64, 66, 68, 129, 160–164].
Furthermore, PF108, being a polymer, exhibits a long flexible chain-like organization in
water that allows physical entanglement and entrapment of the surface adsorbed SWCNTs within
the alginate gel due to mechanical mixing [165]. Therefore, the SWCNT-PF108 samples were the
most stable composites in comparison to the other systems.
Furthermore, PF108, being a polymer, exhibits a long flexible chain-like organization in
water that allows physical entanglement and entrapment of the surface adsorbed SWCNTs within
the alginate gel due to mechanical mixing [165]. Therefore, the SWCNT-PF108 samples were the
most stable composites in comparison to the other systems.
In comparison, for the CTAB-based system, the SWCNT-CTAB complex becomes
positively charged, affording a strong ionic bonding of the complex driven by the (CH3)3NH+
group (trimethylammonium group) at the head of the surfactant, with the varied COO- anionic
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moieties in the G chains within alginate, leading to enhancement of rheological properties.
However, this interaction reduces the overall amount of free anionic moieties in alginate available
for ionic bonding via the calcium-based cross-linking mechanism leading to the deterioration of
electrical conductivity.
In contrast, for the SDS based system, as it is well accepted, the ionic exchange that occurs
between Na+ cations and Ca2+ cations on the COO- carboxylate groups present at the G-chain,
allow for the effective crosslinking, however also provide free Na+ cations that bind with some of
the remaining Cl- ions present from the CaCl2 dissociation. The remaining counter ions bind to
weak electrophile Na+ species produced by SDS’s SO4- hydrophilic head, once they have
dissociated [86].
On that same note, SDS has demonstrated to reduce the CMC significantly, allowing for a
steadier SDS micelle formation upon the presence of further counter ion species [86]. This can be
further corroborated by the conductivity measurements taken pre- and post- linking in this study
and reported in the literature [111, 166]. This has led us to conclude that although a greater increase
in the SDS group from pre- to post- crosslinking state was observed in comparison to the rest of
the groups, it presented greater variance in comparison due to lack of homogeneity. This was
explained due to the negative polar nature of alginate, which we speculate to have hindered these
effects through electrostatic repulsion of the SO4- and the overall net negative alginate polarity
(COO- group), resulting in a lesser degree of crosslinking, and to a higher degree of swelling when
compared to the other groups, as well as a faster degradation on a time-dependent basis when
compared to the other groups after 7 days.
Alternatively, it is also suggested in the literature that the incorporation of further ionic
species into the aqueous medium can influence the efficacy and rate to which both the electrical
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double layer and micelle formation occur, respectively. The DLVO theory proposes a decrease in
Debye length with increasing free ionic species, which in turn reduces the degree of deflocculation.
This, in turn, is countered through a proposed ’fluidization’ mechanism favoring towards further
disaggregation of suspended insoluble particulates that are weakly agglomerated through VDWF.
Fluidization relies on the incorporation of these insoluble particle into a matrix consisting of
negatively charged colloidal polyelectrolytes (i.e., Aqueous Sodium Alginate). This mechanism is
driven through the adsorption of the matrix onto the surfaces of the remaining insoluble particles
and deffloculates them once the ζ-potential has reached a certain critical value, which corresponds
to a ζ -drop related with the increasing relative viscosity of the fluid used [104].

6.2.1.1 Conclusions to Cationic, Anionic, and Non-Ionic Surfactant-Dispersed Composites study.
Based on all of our experimental results, the stability of the SWCNT-gel composites
prepared follows the trend:

SDS < CTAB < PF108
Stability →

The adoption of these dispersants allowed the overall dose of CNTs to be significantly
lowered in comparison to our previously published works [68]. However, this reduction in the dose
of CNT did not lead to a compromise in the resultant composite gels’ mechanical properties in
comparison to our previous study [68]. This was because the dose of SWCNTs was lowered in
accordance with published study guidelines, to achieve a high surfactant-to-CNT ratio necessary
for making stable homogenous dispersions of SWCNTs in dispersants used in this study [84].
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Furthermore, the newly synthesized set of SWCNT-surfactant dispersed gels also retained
structural integrity, as shown by the swelling analysis. Interestingly, in this study, we found that
the surfactant dispersed SWCNTs exhibited NIR photoluminescence spectra, which are
characteristic of these CNT materials.
Also, all cross-linked gels possessed electrical conductivity and showed an overall stable
scaffold structure devoid of stress cracking when observed under SEM, in comparison to our
previous study. Biocompatibility assessment proved that SWCNT-PF108 served as the most
cytocompatible scaffold in comparison with other SWCNT-alginate samples. This implies that
PF108 was the only cytocompatible dispersion agent among the three types of solvents used for
dispersing CNTs, as it was introduced at the least amount (volume) in comparison to the other
systems. To continue using the CTAB and SDS based systems for cell therapy, future studies must
adopt lower quantities of these surfactants to be incorporated and introduce sonication or other
means of effective mixing of the SWCNT-surfactant mixture within the alginate, prior to calcium
cross-linking.
PF108 showed maximum effectiveness as a dispersing agent when characterizing the
properties of the resultant composite gels. Although PF108-suspended nanotubes have many
applications, the use of other surfactant and polymer systems can significantly increase the
applications of suspended nanotubes. For example, in the biomedical field, poly(ethylene oxide)
is the preferred solubilizing polymer, and future studies will address the utility of this and other
biocompatible electrically conductive polymers, such as poly(pyrrole) and poly(thiophene), or
establish if poly(aniline) can be used as a dispersion agents for SWCNTs for cell and tissue culture
applications [81, 167].
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Other studies have shown the surfactant, sodium dodecylbenzene sulfonate (SDBS) to
demonstrate superior dispersion efficiency and exhibit all indicators of isolated, individual
SWCNTs [84].
This research will lead to a fabrication of a new generation of electrically conductive
hydrogels that can be 3D printed to promote either homogenous dispersion of SWCNT or their
intended random dispersion to mimic anisotropic properties of biological tissues. On the other
hand, SWCNT-surfactant alginate gels can be used as bioimaging probes based on the properties
of SWCNT, which leads to the generation of longer wavelength photoluminescence (>1000 nm)
[168]. As CNTs do not contain heavy metals, they provide a safety advantage over the quantum
dots used as imaging probes [42].
Future technological advances can be targeted to make biodegradable SWCNT-alginate
gels that are required to endow CNTs with the specific tissue targetability required for use in a
broader spread of biomedical applications.

6.2.2. Discussion of Longitudinal Stability Studies
Since both groups were produced through the same methodology, the only differing condition
being the temperature to which they were exposed, we can conclude that the thermal process of
degradation is directly related to passive transport processes such as ionic diffusion, in tandem
with solvent osmosis due to the permeability of the composite [51, 55, 66, 169]. Diffusion is
considered to occur through the pores of the composite, whereas an osmotic process occurs through
the semi-permeable alginate membrane. This has been theorized in the literature to be associated
with the porosity and tortuosity of absorbent materials [51, 170]. Similarly, the extent of
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crosslinking has also been reported to decrease this passive transport phenomena significantly [57,
171, 172].
Two equations were produced through the statistical analysis of these data, one empirically
based on the observations, and one formulated through the mathematical model generated through
R-Studio.
The empirical formula to correlate the temperature change and time of exposure to the
medium was made, with resulting values being accurate at approximating. Further studies must be
conducted to develop a better fitting model. This empirical equation model aids in determining the
effective life span of the samples at a given temperature and time with certain constraints and
limitations.
The formula was derived from a combination of linear regression models and quadratic
models to explain the behavior of the observed values. This equation takes the form of (9):
| ⋅.r ⋅"

t
Δ𝑚(%) = 100 − {| ⋅(qA.~•)
€ ---------------- (9)
r

where Tf is the Temperature at which we want to extrapolate the mass loss, mi is the slope (

•.(%)
•"

),

or rate of change of the hydrogel composite at a given initial temperature T0 we have determined,
times a correlation factor determined experimentally. This equation was developed to extrapolate
and study the stability over the course of time and at a given temperature, which allows us to
predict the stability of the alginate composite at physiological temperatures with some confidence
and efficacy, with evidence pointing towards a half-life of 10~15 days, in which degradation of
the hydrogel composite is expected to reach approximately ~50%, assuming a degradation rate
proportional to temperature increase in the range of x1.5 ~ x2.0.
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Similarly, the mathematical model generated through computationally provided the
formula (10):
Δm(%) = 100 − 1.37t + 0.53T − 0.1T ∗ t --------------- (10)

These formulas provide numerical values within a 10% range, which could be used in the
future for comparison with experimental observations. Similarly, among the observed limitations
to accurately describe the degradation at physiological temperatures, was the ability to produce an
isothermal environment in which samples could be placed to avoid all thermal fluctuations, which
in theory would provide more accurate readings.
This experiment has helped us determine the temporal stability of hydrogels in a
relationship with temperature. Since their intended application is for in vivo studies, a stable
composite is desirable for the extent of time it is intended to remain functional. We can conclude
that the stability of the hydrogel composite, though not ideal at this point, can be tailored to remain
functional for its intended life span through alternative modification processes such as
photoactivated cross-linking [113].
We also observed that the mechanical properties of our alginate composite were
significantly enhanced and fine-tuned to exhibit behavior similar to the one in native cardiac tissue
[115, 173, 174]. This leads us to believe that the material in itself is a promising alternative for
cardiological regenerative therapy; however, shortcomings on temporal degradation must be
overcome through ideation of a selectively osmotic membrane to allow enhanced stability.
6.3. The conclusion to the dissertation
The experimental methodology of this dissertation was devised with the goal of
synthesizing a multifunctional material suitable for biomedical applications. This material can be
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readily tailored into whichever configuration to serve a particular purpose, but in our case, we
focused on the concept of a scaffold specifically meant for cardiac tissue engineering in order to
treat CVDs. Each of the studies performed combined all the engineering methodology, as well as
comprehension of physicochemical interactions and their translation onto the application for
biomedical purposes. The significance of this work is the thorough characterization and avid
tailoring of properties to mimic native cardiac tissue. Although more studies are necessary to
consolidate a product of infallible capacities, given the complex nature of composites, particularly
SWCNTs and colloidal suspensions formed with surfactants, we have been successful in reporting
ad hoc applicability from the tissue engineering perspective, as well as general biomaterials. The
results presented throughout this work implicate the potential to venture into future investigations
with these components due to their versatility, applicability and great properties to function not
only as scaffolds specifically for cardiac tissue engineering, but as other types of tissue, biosensors,
or targeted treatments in the future of translational medicine.

6.4. Suggestions for Future Research
Literature has previously suggested that the assembly of CNTs as networks in composite
materials provides enhanced electronic and mechanical properties. This means that not only is the
incorporation beneficial; rather, the complete control over orientation patterns further enhances
those benefits. Hydrogel materials where the CNTs have aligned as semi-conducting wires that
transmit currents through ballistic mechanisms, observe quantum mechanical effects that
potentiate transmission of energy. It is believed that this mechanism of electrical conductivity,
which is present within CNTs presents negligible data/current loss, which can provide either
precise and sensitive biosensors for heavy metal chelation, or protein expressions, as well as
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allowing the stimulation of neural or cardiac tissue though action potential propagation and
connexin formation and alignment through electrical stimuli analogous to chemotaxis. An attempt
was made by us to achieve this potentially promising effect (Appendix Figures A16-18). Similarly,
reported literature have attempted this through a process named teslaphoresis [132].
An interesting application to the surface plasmon resonance that occurs upon UV excitation
as well is the targeted activation to achieve thermal effects on carcinogenic bodies within a
physiological system. This method of delivery – through a hydrogel, can be modulated through
the degree of cross-linking and permeation, to allow a controlled and targeted release that can
attack cancer or tumors through localized plasmonic resonance [139, 140, 175]
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Supplementary Data and Appendix

Figure A1. Graphical Abstract depicting mechanism of dispersion for HiPCO- SWCNT
composites.

Figure A2. Representative image of common micelle structures formed via surfactants [176].
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Figure A3. Photograph of 4 samples with respective surfactant. Clear indication of light contrast
is observed.

Figure A4. C2C12 cells (A), CONTROL vs Pulse activated cells at a 50 Hz, 20 mS, square pulse,
at an amplitude of 100 mV for t = 10 mins. Ethidium homodimer-1 was used to stain cells.

Figure A5. Electrophysiological characterization of cellular products for future studies.
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Figure A.6. Calculated transmittance obtained from UV-Vis data.

Figure A.7. Mass percent change linear models. Red lines represent extrapolated rate of change
for mass over time at physiological temperatures (37.5 °C) through the two different proposed
formulas.

106

Figure A.8. Swelling & Degradation of alginate samples (n = 5), immersed in 2 different media,
studied over 1-hour periods, for absorption/degradation rates.

Figure A9. STL file of DMA specimen utilized for testing.
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Figure A.10. Tensile specimen DWG, CAD & STL for creation of monolithic and/or 3D printed
tensile tests for future studies pertaining change in mechanical properties of 3D printed samples.

Figure A.11. Image of 3D printed molds used to cast monolithic samples for tensile testing.
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Figure A.12. Image of CNTs taken through an SEM at a 14.5 kV, used to assess the particle size
and effective retention.

Figure A.13. Mean size distribution per surfactant. Data obtained through Dynamic Light
Scattering with the previously reported protocol.
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Figure A.14. Mean size distribution per surfactant. Data obtained through image processing
software ImageJ, from the SEM image in A.12.

Figure A.15. Surface plot of data obtained through image processing software ImageJ, from the
SEM image in A.12. Grayscale variance and height of image along Z axis expresses
morphological data of CNT distribution. Peaks represent areas where CNTs are not presents.
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Figure A.16. UV-Led used as proof of concept for current conductance, using 2 CR2035
batteries with 3 V and 0.2 A. Connected a variable resistance for modulation of current.

Figure A.17. FEM of Halbach Array for Magnetic Field Induction [177].
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Figure A.18. Alignment of CNTs through Magnetic Induction by a Halbach array [132,178-180].

Figure A.19. DIY Magnetic Induction Coil for proof of concept of CNT alignment.
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